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On Nucleon Moments and the Neutron-Electron Interaction 


K. M. Case 
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(Received March 4, 1949) 


Using the newly developed computational techniques and the covariant formalism, the nucleon mag- 
netic moments and the neutron-electron interaction are calculated. A pseudoscalar meson theory is 
assumed. Finite and unambiguous results are obtained to the lowest non-vanishing order in the coupling 
constants. These depend on the unknown strength of the meson coupling. While a not unreasonable 
value may be used to fit the proton moment, the corresponding neutron moment comes out much too 
large. With this fitting, the neutron-electron potential turns out to be attractive with an equivalent 


well depth of the order of 5 to 10 kilovolts. 





I, INTRODUCTION 


NE of the simplest of the many properties 

predicted by meson theory is the additional 
magnetic moment to be ascribed to a nucleon in an 
external magnetic field. The anomalous neutron and 
proton moments hence serve as a test for the theory. 
In the past the theory has failed this test. Weak 
coupling theories in particular led to divergent 
results. 

In the light of recent advances in quantum elec- 
trodynamics, this question has been re-examined to 
see whether utilization of charge and mass renor- 
malization concepts would alleviate the situation. 
This has indeed been found.! In fact, it seems as if a 
completely relativistic calculation is all that is 
needed to obtain finite magnetic moments? (at least 
in a pseudoscalar theory). While agreement with 
experiment has not been obtained, this could easily 
be due to the use of an incorrect model or to the 
inadequacy of the weak coupling approximation. 

In the following the anomalous magnetic mo- 
ments are calculated in the Schwinger-Tomonaga 
formalism. This serves, firstly, to place previous 
results on a firmer theoretical basis. Secondly, the 
use of the greatly improved computational tech- 


1K. M. Case, Phys. Rev. 74, 1884 (1948). 

2J. M. Luttinger, Helv. Phys. Acta, 21, 483 (1948). I am 
indebted to Dr. Luttinger for the opportunity of seeing his 
paper prior to publication. It is gratifying to note that the 
results obtained with the present method agree with those he 
has previously found, 
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niques make the derivation considerably simpler 
and more elegant. 

With the present method, another quantity of 
experimental interest is obtained simultaneously 
with the magnetic moments. This is the neutron- 
electron potential. An expression for this quantity 
is given below. In particular the spatial integral of 
the potential, which is the quantity measured, is 
expressed in closed form. 


II. EQUATIONS OF MOTION 


To describe the meson field we choose the 
simplest possibility which may be expected to 
yield interesting results—namely the pseudoscalar 
theory. Of the two conventional meson-nucleon 
couplings for this case, the pseudoscalar coupling 
was chosen. It can be shown that this does not 
imply any restriction for the magnetic moments. 
To the first non-vanishing order, the anomalous 
magnetic moments are the same with an arbitrary 
linear combination of the couplings, except for a 
simple multiplicative factor.’ 

To treat the neutron, the proton, and all possible 
combinations of charged and neutral mesons simul- 
taneously, a four-dimensional isotopic spin for- 
malism has been used. 71, 72, 73 are the conventional 
isotopic spin matrices chosen so that the eigenvalue 


3 This equivalence also holds for the nuclear forces predicted 
by the pseudoscalar meson theory with the same equivalent 
pseudoscalar coupling constant. 














K. 
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+1 of 73 corresponds to neutrons, —1 to protons. 
74 is merely the unit operator in isotopic spin space. 
The four real wave functions ¢1 to ¢4 describe the 
meson field. f; to f, are the corresponding pseudo- 
scalar coupling constants. ¢; and @2 describe a 
charged field, ¢3 the neutral field to be added in a 
symmetrical theory, and ¢, a purely neutral field. 
Gauge invariance requires the equations to be 
invariant with respect to rotation around the 3 axis 
in isotopic spin space and hence, that fi=f2. This 
specialization will not be made until the final 
formulas are obtained. 

In the interaction representation, the covariant 
Schwinger-Tomonaga form of the equations may be 
stated as follows. 

The field operators satisfy the equations of 
motion : 


(}?— x), =0, (1) 


F) F) _ 
(1—+ av (4 —-m)¥=0. (2) 
OXp OXp 


y, w are the spinor operators of the nucleon field as 
defined by Schwinger.‘ The y,, y, are the usual 
Dirac y’s and their transposes. Summation from 1 
to 4 is implied by repeated indices. 


k=pc/h, ko=Mc/h, (3) 
where yw and M are the meson and nucleon masses, 
respectively. 

The commutation relations are 
Lou(x), d(x’) ]=tchby,A(x—x’), (4) 


{Ya(x), Ya(x’)} = (1/1) Sap(x—<x"), 
{Ya(x), ¥a(x’) } = {Pa(x), dala’) } =0. 


In (5) the index a refers to both spinor and isotopic 
spin components. A and S are Schwinger’s‘ A and 
S functions for mass » and M, respectively, except 
that S is also a unit matrix with respect to isotopic 
spin indices. 

The Schrédinger equation for the wave fun- 
tional is 


(5) 


tch(6V/d0(x)) =H(x)¥, (6) 


where 6/é0(x) denotes the variational derivative 
with respect to the surface o at the point x. 


A(x) =R,,+ A+ H**, (7) 

R, = if Vrs TW», (8) 
i! ae ae , 

Ay**= —iey VWA My (9) 





4J.S. Schwinger, Phys. Rev. 74, 1439 (1948). 


M. 
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e 0d 0g 
H2** — << ~ A, :— _— o—| 


he - OX, 





2 


+——[A,?+ (Ay)? (1° +¢2"). 10’) 





2h*c? 


A, denotes the four-vector potential of the - 


external electromagnetic field. For the problems of 
interest here, the second term in (10) is of higher 
order in e. Hence, (10’) may be replaced by 


Od2 0¢1 
7. ea © (10) 
OX, OX, 


é 
Apt = -<A,(¢ 


Here e is the proton’s charge. The various special 
theories are given by the substitutions: 


Charged theory 

fi=fo=f¥0; fs=fs=0. (11) 
Symmetrical theory 

fi=fre=fs=fA0; fr=0. (12) 
Neutral theory 

fi=fre=fa=0; fr=f¥0. (13) 


The above formulation is slightly incomplete 
since it fails to satisfy the requirement of invariance 
under electric charge conjugation. This defect may 
be remedied by defining charge conjugate operators 
to y and y which satisfy equations similar to (2). 
The charge conjugate expression should then be 
added to (8) and the result divided by two. For the 
present purposes the effect of these manipulations 
would be manifested by the vacuum expectation 
value of Pys7,~ being replaced by zero. Agreeing 
that this replacement shall be made wherever the 
indicated expression occurs makes it possible to use 
the present formulation without explicit mention of 
charge conjugate operators. 


Ill. METHOD 


In this application of the covariant formalism, 
the greatly simplified method of calculation dis- 
cussed by Dyson' will be be taken as basic. Prac- 
tically all of his arguments may be carried over 
from electrodynamics to meson theory, with the 
exception of some trivial modifications which are 
indicated when encountered. 

The effects of interest are of order ef?A,. Terms 
of higher order in e or f will be considered negligible. 

For the one-nucleon system the effective Hamil- 
tonian may be written (by transforming away the 
oh on term which describes the meson-nucleon 


A i Ciel Phys. Rev. 75, 486 (1949). I would like to 
eit r. Dyson for telling me of this formulation before it 
was published, 
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NUCLEON 


1 00 rr) 
—{ dey--- f dx» 


ee) —1\ 
H, => —) 
. n=0 he n —2« 
-Hi(xn)), 


X P(He**(x0) + + -Hi(x1) + 


coupling) as: 


(14) 


where P denotes the ordering operator which 
arranges the field quantities chronologically. 
Strictly speaking H; is given by 


Hix.) = R,(x:)b,(xi) — 6Mcpy, 


where 6M is the change in nucleon mass due to the 
coupling with the meson field. Dyson has shown, 
however, that for practical purposes, the second 
term in (15) may be omitted. This is done with the 
understanding that all mass renormalization ternis 
are to be dropped when encountered. Afterwards 
all these terms are to be considered separately. 
Hence, instead of (15), we use 


Hi(xi) = R,(xi)by(x:). 


To the specified order only the first three terms 
of (14) contribute. The first term represents the 
ordinary interaction between a proton and an 
external field. The second term has no diagonal 
elements for the one nucleon, no meson state. It 
will be shown below that this term does not con- 
tribute to the problems considered here. 

Thus, the modification of the electromagnetic 
properties of the nucleons are due to 


. 1 —4 2 i) a) 
Ha’ =-(—) f dvi f dx 
2\ he —« —o 


(15) 


(16) 


X P(A**(x0), H:(x1), H,(x2)). (17) 
This may be split into a sum of two terms: 
wiht 2& 
-1(—) ff dxdX2 
he 
P(Hext'? (0), Hi(x1), Hi(xe)), (18) 
and 
= 
i=3(—) ff dx dx2 
he 
X P(Hext (x0), Hi(x1), Hi(x2)). (19) 


Physically H; is due to the proton having an 
electric charge, while H2 is due to the occurrence of 
charged mesons. 

Inserting the definition of (16), and using the 
commutativity of nucleon and meson fields gives 


MOMENTS —_ 


for (18) and (19) 
te o 

Dobe | SJ dx dx 
Dh? 


it 





— 73) ‘ 
Vu (Xo), ¥(%1) trys (%1), 





Ves) reveb os) |Ptotedoe(es) \, (20) 


~ Oh at SJ dx dx 
Cc 


P (P(x) Tvs (x1), V(x2) ToVsW(X2) } 
2(Xo) 81(Xo) 


or 2 Xo a’ 
0x,° 0x,° 











cr" 


(x1), $o(X2) . (21) 
The one-nucleon, zero-meson portions of (20) and 
(21) are now to be calculated. This means that the 
vacuum expectation value of the P-bracket in- 
volving meson fields and the one-nucleon portion of 
the P-bracket of nucleon fields are to be inserted. 
Using the given commutation relations calculations 
similar to those of Schwinger® and Dyson® give 


(P { bo(%1)b0(%2) } vac = (22) 


where Ar; is the function whose Fourier transform is 


—1 1 
-{p, 

fr Ry? +x? 
with P, indicating that the principal value of the 


four-dimensional Fourier integral is to be taken. 
A similar though more tedious calculation shows 


Og2(Xo) 01(xo) 
(P| 6x00 -- b2(X0) : 4s(41), (ef) 
0x,° 0x,° 
hc? OAr 
=~ bapbae| Ar e230) 
4 0x,° 


3ChbeAr(X1 = X2) ’ 


Ar(k) 





+ir6(k?+ “} (23) 








vac 


0 
— Ar(xo—%X2)——Ar(x0—%1) 
ax,° 


Xp 
h*c? 0Ar 


+~ busin Ar(Xo —xX2)—(Xo —_ 
4 0x,° 


x1) 


X2) |. (24) 


0 
— Ar(%o—*1)—Ar(x0- 
0x,° 


6 J. S. Schwinger, Phys. Rev. 75, 1912 (1949), 
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Equation (24) is to be inserted in (21). It is seen 
that the two terms on the right-hand side of (24) 
differ only by a minus sign and the interchange of 
indices 1 and 2, i.e., 


hc? 


P =—— (01920 — 016 027 
(P{ }) en 51052») 


F 
X { Ar(x%9—%X1)——(x0—X2) 
- 


OAr 


atti (xo—x1)¢. (25) 


a” 


The one-nucleon portions of the nucleon 
P-brackets may be found in precisely the same 
manner as has been done by Dyson! for the electro- 
dynamic case. Essentially, the procedure is the 
following. One y and one y are chosen to be left 
as operators. Neither of these may be functions of 
xo, for these terms are the self-energy contributions 
we agreed to omit. A particular pairing of the 
remaining y and y is then selected. The vacuum 
. expectation value of the P-bracket of each pair is 
substituted for the pair. If ~ and y refer to the 
same coordinate, this expectation value is zero— 
since all terms have been implicitly charge-sym- 
metrized with a resulting vacuum expectation 
value of zero. For ¥ and y of different coordinates 
we have 


(P{Va(x)¥a(y) } vac=2(Sr)sa(x—y), (26) 


where 


ce) 
(Srse()=—(—tu0) Ae%Q), (27) 
see) =—(mo—teo) art 


Xr 


with Ar® the same as Ar but with the replacement 
k—«o. Multiplying by a factor of —1 for each Sr 
to take account of the anticommutativity of the 
spinors, and summing over the contributions of all 
pairings, gives the one nucleon portions of the 
brackets. For a much more detailed description of 
this procedure the reader is referred to reference 5. 

The nucleon P-bracket in (20) gives two distinct 
terms, each of which occurs twice. The two occur- 
rences differ merely by an interchange of x; and xs, 
and so the effect of the second is merely a factor 
of 2. Hi* and H,? are the contributions of the two 
essentially different arrangements. There is only 
one type of term from the P-bracket in (21). 

Substituting the various expressions in (20) and 
(21) gives the operator in the Schrédinger equation 
which describes the modified nucleon electromag- 
netic properties. This is 


A! =HyY+HyY+H2 (28) 


CASE 
ief? 
Shc ‘ 


(1 we T3) 
XTr ToV59F(X0— Xi) Vu 


Sr(es— 0) 


XAr(%1—%X2)Y(x2)ysteW(X2), (29) 


—tef,? . 
HY= Bh A,f { dedx: 
Cc 


. (1— 173) 
x | ¥(es)ereSe(ve—a) yy 


X Sr(x2—xXo0) yet (x2) Ar(%1—X2) ¢, (30) 


eff: 
Hi=——A, ff desde 
Shc '’ 


Xb(x1) r1y5S r(x2—%1) F275 


—¥sT2S r(x2—%1) ¥5T1 (x2) } 


0 
x | Ae(io—21)——Arloe a) 
Ox,° 


0 
—Apr(xo—X2)——Ar(xX0—%1) |. (31) 


ax,* 


Hy describes the polarization of the vacuum. It 
is due to the production of nucleon pairs by mesons 
emitted by a proton. These pairs might be expected 
to give a.contribution to the electric current density 
even at points at a finite distance from the nucleon. 
Indeed, it is just these terms which give rise to 
charge renormalization and the attendant polariza- 
tion phenomena in the electrodynamic case.’ H,? is 
the analog of the principal term in the Lamb Shift 
calculations. From the analogy this term would be 
expected to describe anomalous moments even for 
a purely neutral meson field. H2 is due to charged 
mesons and describes the modification of nucleon 
properties due to the non-spherically symmetric 
charged cloud surrounding the nucleon. 


IV. EVALUATION 


The isotopic spin dependence of Hers’ may be 
considerably simplified by noting that spin and 
isotopic spin operators commute and act on dif- 
ferent coordinates. Thus, the trace in (29) may be 
written 


(Tr7,(1—73)/2) TrI,, (32) 


7 This term will be shown to vanish in the present theory. 








r1C 
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where 
Ty =7¥5Sr(X0—%X1) ¥uS Pr (X1—Xo). (33) 
Similarly, the matrix operator in (30) is 
(1 —_ T3) 
fe? 6S F(Xo— 1) Yu Sr(x2—%X0) ¥57> 
(1 — 73) 
= f,?7, T 5S F(Xo—X1) YuSr(X2—X0)¥5- (34) 


But, from the relations satisfied by the 7 matrices, 











(1— 7s) (1—75) 
finn = (fat +f) 
(1+ 73) 
+ (f+ fe”) - (35) 
In (31) the isotopic spin operator is 
T1T2— T271 = 2173. (36) 


With these substitutions, (29)—(31) become 

















H,®= te}e Tr ‘ = (TrI,) 
8hc 
XAr(%1—%2)Y(x2)ysteh(%2), (37) 
Hy eau 10X29 1 
= “af fe dx. {vee 
(1—73) (1+ 73) 
x ith) + +f) 


X 5S (Xo— X1) YuSr(X2 — Xo) 


yb rea) f (38) 


iefife 
en f f sii 
A4hc A 


XV (x1) rx76S r(%2 —%1) yeh (x2) 





0 
x | Ae(io—1)-—Ao(o—m) 
ax,° 


OAr 
—Ar(xo—X2)——(x0—*1) . (39) 
0x,° 


As might be expected, H2 is equal and opposite 
for neutron and proton (being proportional to 73). 
This merely states that the charged cloud around 
the neutron and proton is distributed the same but 


in one case is made up of negative mesons and in 
the other of positive ones. 

For the evaluation of (37), Trl, is needed. Ex- 
pressing Sy in terms of y’s by means of (27) gives 








0 
Trl, = — Trani ~Ar(x%0—*1) 


Ar(xo—%1) 
Xx a," 


re) 
+ ko Trysyx¥u—A r (xo — 1) Ar(xo—%1) 
Ox? 





0 ‘ 
~ 14 Trraveral Ar(vo—m) )ar(eo—) 
0x ,° 
+ ko? TrysypAr(xo—x1)Ar(xo—x1). (40) 
Now, 
Trysyrxvu¥o=% Tr LysyaxYu¥e+YrVu¥e¥s]=0 (41) 


(since ys anticommutes with y,). Similarly, 


2 Tr (ysvutYuvs) =0. (42) 


On changing the name of the summation variable 
in the third term of (40) from \ to p, we have 


Tr ¥s¥un= 


Trly=ko Trys(yav¥u— Yun) 


re] 
x {| —Ar(xo—x1) )arGa—m), (43) 
0x ° 


Equation (43) is certainly zero if w=). If ud, 
YxYuYs reduces to the product of two different y’s. 
But these anticommute, and so the trace is zero. 


TrI,=0, (44) 
and so 


Hy=0. (45) 


This means that not only the charge renor- 
malization but all other polarization terms vanish. 
A more general proof showing the physics involved 
is given in Appendix A. 

To perform the integration indicated in Hy’ and 
Hz, it is convenient to use Fourier integral repre- 
sentations of the various functions. This integration 
is greatly facilitated by an observation of R. P. 
Feynman. 

If Ar(R,) be given by (23), then 





° dko 
J ; F(k,)Ar(k,)dko= J Fe) rr (46) 
where c is a contour in the complex kp» plane going 
from — © on the real axis below the pole at kp = —x, 


above the pole at ko=x, and then to + on the 
real axis. For functions F which vanish properly at 
infinity (which is true of those found below), the 
integral along c is equal to the integral taken along 
the imaginary axis from —i to 7. Hence, with 








6 K. M. 










the understanding that integrals over ko are to be 
taken on this path, the Fourier transform of Ar(x) is 











a 1 
Po an (47) 
Qn? ky? x? 
Setting 
T = (fe?+fa?) ((1 — 73)/2) + (frr-+f2) ((1+ 73)/2), (48) 
E=x1—X; §'=Xo—X2. (49) 
H,® becomes 
—te . 
b—___ A} 0 = 
Hi=—"A, J f ade )TrSe(—-8 
X ywSr(— &) ye (xo— E)Ar(E+€’). (50) 






After an integration by parts and the change of 
variables, 
















n=Xo—-*X1; 9 =Xo— Xe. (51) 
H, becomes 
iefife . 
= : Anf { dndn V(xXo— 9) T3565 r(n — 17’) 
Cc 
0 
X yeh (x0— 0’) Ar(n)——Ar(7’). (52) 
Onu 






As in earlier electromagnetic calculations, we 
consider a typical Fourier component of these 


operators. 
Let 











v(x) =a exp(iP,x,); ¥(x)=b exp(—iP,’x,). (53) 
Since y, satisfy (2), 
(tPuvut koa = b(iPu'Yu+ ko) =0, (54) 
and 
P,2= P,! = — ag. (55) 

















CASE 









In (50) we insert the Fourier representation 





f expLi(kutsthuts’) ] 
XAr (Rk) (dk) ’ 


where Ar(k) is the Fourier transform of Ar(x). 
In (52) we set 


Ar(é+&’) = 
(2m)? 


(56) 





f exp[ika( ms’ — 14) 1Se(k) (dk) 
(57) 


(58) 


, 1 
Sr(n—1') = 
(2 


T 


where 
Sr(k) =Fourier transform of Sr(—x). 


With om” there results 


Shc | (2m)? —f f f didt'dkp (x0) 


Ts exp[i(ky — Py’) & |Sr(— &)ywSr(— &’) 
Xexp[i(ky— Py) Ey’ lysp(x0)Ar(k). 
_tefifs 1 


he (2m)? J j J anaes 


X¥(xo) T3755 F(R) yeh (Xo) 
Xexp[a(Py’ —ky)m JAr(n) 
Xexp[i(k, —P,)n,’ ](0/dm')Ar(n’). 


The integrals over £, &’, 7, 7’ are readily done 
since they are just the transforms of the functions 
involved. (59) and (60) become 





H’=—A, 


(59) 








(60) 


—ieA 
Hae! f dkb (0) TyeSp(P,! —hy) 
C 


XS r( Pu —Ry) vw (x0) Ar(k), (61) 
H,= se + [died (eo) reveSr() vob) 
ir (62) 


Inserting the transforms gives 















































Che etd Tht wet (ke — 


— B (P,’ —k,) — AE: P,-—k —™ KO 0 
H)= eA, 1 ~f deb (xe) Tye 71 ) — Ko }yuL¢ya(Pa— Ra) — Ko lysh(x ) 63) 
: [(ex—Pr’)?+ Ko? JL (Rx — Pr)? + ko? JLen? + x? ] 
_tefifs (Pu—Ry) 
A,— | dkb(xo —ty ky + ko) P(Xo ; 64 
= —f Vedran irc dMe— (64) 
Utilizing the anticommutivity of ys with y, and the relations (54) give 
eed —ieA (= *) fa (x0) TLtye(P,’ — hr) + Ko }yuLtya(Pa— Ra) + ko WW (%0) (65) 
8he [(Ru— Pu’)? +o? JL (ky —Py)? + x07 Ru? + x] 
—. tefifoAy 1 (x0) rxt-¥0(k»— Py’) (Pu— hy) (x0) (66) 


P,)?+ «(ku — Py’)? +02] 
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With a few of the conventional tricks of inte- 
grating and differentiations with respect to pa- 
rameters, (65) and (66) may be integrated over (k), 
and expressed as: 

















—ieA, 
Han _(-: —)f asf yf dof db 
4y(x— 
eel Tunnly(P!—P) +xP,] 
X Ly (Pr’ — Pr) + xP W(x0) 
ia — dled Trenerbled (67) 
(K,*)? 
with 
K,?=(x—y)y(APy)?+x7ko? 
—ay—b(x—y)+xK2(1—x), (68) 
| AP,=P,—P,’. (69) 
_ tehifs 
wea) f af avf dof a 
8 1 
- ee at —y¥)P,—xP,' ] 
) XL(x—y—1) Put (1—«)P,’ W(x) 
e 2(x—y)(i-—x~) 
s “— (K;2)? Su (Xo) ty>TaW (Xo), (70) 
Ky? = (x—y)(1—x) (AP,)?+y?ko? 
+a(x—y)+b(1—x). (71) 


) Equations (67) and (70) may be expressed in 
terms of AP alone on using (54) and the relations 
between the y-matrices. Three types of terms 
result. These are 


7 (const.) Ayh(xo)r(xo) fi(AP,)?), (72) 
(const.) Ayh(0) AP ow(x0)fo((AP,)?), (73) 

, with ou= —4i(ywyr— 1s) | 
(const.) A, (x0) AP,(x0) fa((AP,)?). (74) 


Since these expressions are those for a typical 
Fourier component given by (53), it is apparent 
that AP, corresponds to the operator 0/0x, acting 
on a general wave function. Hence, (74) is 


(const.) Ay(xo)(9/dx4) f(L]?)Y (x0) (x0). 


4) 


(75) 
5) 


On integrating by parts, this expression is seen to 
be proportional to 8A,/dx,, which is zero by the 
Lorentz condition. Thus, all terms of the form (74) 
may be omitted. 


16) 
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When these various manipulations have been 
done in the above formulas, one more consideration 
is necessary. This concerns all the ‘‘renormaliza- 
tion’’ terms which have so far been omitted. These 
terms will be independent of AP. Similar terms 
occur in (67) and (70). It might be expected that 
these terms will cancel. In any event it is obvious 
that such terms should not contribute to the 
quantities calculated here. Hence, we will. just omit 
these contributions. 


On setting 
(x) =x*xor?+ (1-2), (76) 


this agi 





tpn — f dx f dy (10) Tra xe) 


162%*hc 

(x?ko?-+(x))y(x —y) (AP,)? 

$(x)[y(x—y) (AP,)?+¢(x) 

tro)? + o(2) 
(x) 








| +aP.be 


2 


Kox 
X Towy( 0) ’ 77) 
a jane 





ef ife 


82hc 0 





= 


a J dy (20) ray (0) 





| (x—y)(1—x)(AP,)? 
4 2K 
o(y)L(x—y)(1—x) (AP,)?+¢4(y) ] 
(x—y)(1—x) (AP,)?+¢(y) | 
$(y) 
4 Koy’ AP Wout 
(x—y)(1—x)(AP,)?+4(y) 


The sum of (77) and (78) contains the anomalous 
electromagnetic properties. Specializing to various 
types of electromagnetic field as done below gives 
the magnetic moments and the neutron-electron 
interaction. 





“= 





78) 


V. MAGNETIC MOMENTS 


Consider a constant magnetic field. Since iAP, 
represents the operator 0/dx,, an integration by 
parts shows that only the o,, terms in (77) and (78) 
remain. These simplify to 


a 1€A y 
1 = 


162hc 





AP Wy (xo) T Tw (xo) 


xf ae fa (79) 





8 K. M. 


Here the (AP)? in the denominator has been set 
equal to zero since the external field is assumed 
constant in space and time. 


efifeAy 
Hy, — AP (x 0) T 30 wW (Xo) 


whe 
1 z Koy? 
xX iN dx f dy—. 
0 0 oy) 
Using the differential operator interpretation of 
AP, and integrating by parts gives 


(80) 


By ee FyWTowy, (81) 


16m*hc Hx 


efife 
H2= By : ¥ FT 3O us, 


whco use 


H’= 


(82) 


Bi= [dxf dyce*/6(e), (83) 


in J a J * dyeay*/$(9), (84) 


where F,, is the field tensor. 
For a proton, 

T=fP+fe, 
For a neutron, 

T=fr+f?, ta=+1. (86) 


Setting these formulas in (81) and (82), equating 
fi to fe to f (as necessary for a charged field), and 
adding, we find 


(85) 


T3=—1. 


Proton 





ie dE 
1677hc 


ef?B 2 
822hc 


Hes; — +| 


X{—-y*o-KHy}. (87) 


Neutron 

—ef? ef?B 
di | 

82hc 827hc 





Hal = +| | {-vte-s0y), (88) 


where 3 is the constant magnetic field. 

The brackets are obviously the magnetic mo- 
ments. Physically these correspond just to what we 
would expect. The Bz term is equal and opposite 
for neutron and proton since it is due to meson 
clouds of opposite signs. Similarly, the B, term, 
which is due to the proton’s having a charge, is zero 
for a proton when only a charged field is present. 
This is a consequence of the proton’s becoming a 
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chargeless neutron when it emits a meson. It does 
contribute to the neutron moment since the 
neutron becomes a proton on emitting a meson. The 
factor of two is due to the fact that a charged meson 
field really consists of two real fields. 

It is interesting to note that from the calculation 
for a purely charged field that for all possible com- 


‘ binations of neutral and charged fields may be 


derived—since B,; and Bz are needed for charged 
mesons and no new integrals intervene in the 
general case. 

Evaluating the elementary integrals B,; and Bz 
and expressing the results in terms of nuclear mag- 
netons, we obtain (with \ the square of the ratio of 
meson to nucleon masses) : 


Neutral theory 
fe (1 vA AM—A) 1 
tp= -—_{-+-— In- 
4n*hcl4 2 4 r 
?2(3—A) cos~1A3/2 


2(44—d2)3 





» (89) 


bn =0. 
Charged theory 


f* 11 A(2—A) 1 
p= {a+ In- 
4mrhcl2 2 


(2—4d+2?) NN 
—ifienremesicrenmmnen os |, (90) 
(4.— 2)! 2 


—f? AIn(1/A) A(2—A) 
1+ — c 
2 (4A—A?)! 





- 4n*he 

The symmetrical theory results are obtained by 
adding those for a neutral theory with f,=f to 
those for a charged theory. These magnetic mo- 
ments are identical (when notation is adjusted) to 
those obtained by Luttinger with his “patent state” 


method.? 
Since A is quite small, these formulas are well 


approximated to by: 
Neutral theory 
Up = —(f?/4ahc)1/n{s+0(A)}, 
fin = 0. 
Charged theory 
Up = (f?/Aahc)1/{3+0(A4)}, 
bn = —(f?/4ahc)1/{1+0(A4)}. 
Symmetrical theory 


p= (f?/4rhc)1/4{Z+0(A4) }, 
bn = — (f?/4rhc)1/m{1+0(A4) }. 


(91) 


(92) 


(93) 








a oS Ve 


1) 


2) 


3) 
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Comparison of these results with experiment is 
greatly hampered by our lack of knowledge of the 
coupling constant. The very questionable values 
obtained from trying to fit the predicted nuclear 
forces to the deuteron binding energy or other two- 
particle interactions give much too large a value for 
the anomalous neutron moment (a factor of two or 
more). However, even omitting this consideration 
it can be seen that these moments are inadequate. 
Experimentally, the anomalous proton and neutron 
moments are almost equal in magnitude. The best 
of the above theories (charged) has the predicted 
values differing by a factor of two. The lack of 
agreement with experiment may be due to the 
several causes discussed later. 


VI. THE NEUTRON-ELECTRON INTERACTION* 


Specializing (77) and (78) to the case of the 
neutron, and taking the four-vector potential in 
(77) and (78) to be that due to a stationary-charge 
—e at the origin, gives the neutron-electron inter- 
action operator. The o,, terms may be omitted. The 
space-space components vanish because there is no 
space vector potential. The space time components 
describe the interaction of the electric dipole 
moment of the neutron with the electron. This 
dipole moment is merely that resulting from the 
motion of the particle with the previously deter- 
mined magnetic moment. As such it is proportional 
to the velocity and hence, negligible in the slow 
neutron region in which the experiments are per- 
formed. 

With the above results, and interchanging x and 
y and the order of integration in (77), the neutron- 
electron interaction operator is given by 


ef? 





BV ew 


Hy-.= _ 
Sx? 
ia fe “fa _Ly?Ko? + 6(9) ey —x) (AP)? 
“ 6(y)Lx(y—x)(AP,)?+(y)] 


1 pt [ly x)x(AP,)*?+0(9)] 
+f az {dyn cae : 


fee 


2ko7y?(x —y)(1—x)(AP,)? 
1 z —y(1- P,)* 
bs f - f nm me y)(1—x)(AP,) +o0)] 














“6 L(@— y)(1—x) (AP,)?+4(y) ] 
(94) 
¢(y) 


Here V(r) is the Coulomb potential due to the 
stationary electron at the origin, i.e., in our ra- 


* This work was stimulated by learning of a similar calcula- 
tion performed by Dr. M. Slotnick using more conventional 
ia M. Slotnick and W. Heitler, Phys. Rev. 75, 1645 


MOMENTS 9 


tionalized units 


Vo(r) = —(¢/4x|r]). (95) 
The operator interpretation of AP, shows that 
(AP,)’—>—L, (96) 


where the operator acts on Py.y. 

Integrating by parts results in this operator 
being applied to V(r). Since V°(r) is independent 
of time, the D’Alembertian is equivalent to the 
Laplacian acting on V(r). To evaluate the re- 
sultant of the operator on V°(r), the latter is 
expanded as a three-dimensional Fourier Integral. 
Thus, 


V(r) =(1/(2n)8) f Vp%e-"(dp). (97) 


The Laplacian acting on this is equivalent to multi- 

plication by —p*. These replacements may be 

summarized by saying that (AP,)? in (94) is to be 

replaced by P?, and that this function multiplied 

by V,° is the Fourier transform of the potential. 
This yields 


Hy_.=¥*yV(r), (98) 


where 
1 ° 
Wea = f er V,(dp), (99) 
_Ly?xo? + o(y) }e(y —x) PPV," 


_ 
~ Bath Se ‘fy $(y) [x(y—x)P?+¢(y) ] 


Le Deoty®(xe—y) (1-2) P2V,9 
+ | dx] dy 
f «f “ oy) L(e—y) (1—x)(P) +6(9)] 


tt [ons)xP2+90)] 
+f ax f dy |n at V 


1 z —y)(1—x)P? 
-f ax f dy inc y)(1—x) FOOT, 4 -(100) 
0 0 $(y) 


Here Hy_, is in a form such that V(r) is ob- 
viously the neutron-electron potential. 
An elementary integration gives 


=[—e/(2x)*]1/p’. (101) 


Inserting (101) in (100) and then putting the 
resulting expression in (99) gives the neutron- 
electron potential. At least some of the integrations 
may be performed—at-considerable labor. However, 
the only quantity of experimental interest is the 
integral of the potential over-all space. This may, of 
course, be obtained by finding the indicated func- 
tion of r and integrating directly. A simpler method 
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is found by noting that 


f V(x)dr=(2n)1V,(p=0). (102) 


Letting P go to zero in (100), and performing the 
elementary x and y integration which remain, gives 


+e7f? ¢ 1 p13 
dr= os 
J Mx) a 3 as] 


1 2X 1 
LiFe) 
4 3 r 
—35 


+[——+ 
3 2 3 





17X 4d?)}cos1A?/2 

—-— |_|. (103) 
(4A —A?)! 

It is convenient as well as conventional to express 

the integrated potential in terms of the depth of a 

square well of width 79 which gives:the same volume 


integral. ro is the classical electron radius. From 
(98) we find 


1/m\? 
(ENG) = 
4arhc/] a®\M 


3; 1 13 1 2d 1 
— —{-=+#}+{-- =] log— 
2rl4—AL 3 4 3 r 


35 172 4 © ' 


+y[=-——+ 
3 2 3 


(4N—22)! 
where a is the fine structure constant and m the 


electron mass. 
Since A is small, an accurate approximation for 


Vo is 


f? 1 /m\?2 
vex-(—-)—(~) mc? 
A4rhc/] a?\ M 
. 3 ee 1 352A} 


ee ee ei A 
48 


105 
2r| 12 2 ™ oe 


Inserting numerical values for the universal con- 
stants gives 


vex-(1.36)(—) 


4rhc 


—13 1 1 35d} 
X({ ——-+- log—+ ) kev. (106) 
i ie a 


For a mass ratio of 6, (106) becomes 


Vo= —(270)(f2/4arhc) ev. (107) 
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For a ratio of 10:1, 


Vo= —(410)(f2/4rhc). (108) 


Again, the unknown coupling constant occurs. 
This may be fitted in several arbitrary ways. If the 
neutron moment be fitted (f?/4rhc)~6 and so the 
well depth is of the order 2 kev. Fitting the proton 
moment in the symmetrical theory would give 
(f?/4rhc) ~24 and a well depth of 8 kev. Fitting the 
singlet state nucleon scattering predicted by the 
pseudoscalar theory can give values as high as 50 
for the coupling constant. The well depth is then 
between 10 and 20 kev. It is interesting, even if 
coincidental, that approximate agreement with 
experimental values for nuclear forces, the proton 
moment and the neutron-electron interaction may 
be obtained with one value of the coupling constant. 

However, the most important fact to be gleaned 
from these numbers would seem to be that it is 
impossible to fit the neutron and proton anomalous 
moments and the neutron-electron interaction with 
the same constants. This is due to the much too 
large neutron moments obtained when proton 
moment and neutron-electron interaction are ad- 
justed to agree with experiment. 

At this point, a few words are in order concerning 
the neglect of second-order effects of the first-order 
corrections of the nuclear electromagnetic inter- 
action caused by the meson field. In the somewhat 
analogous Lamb Shift calculation these terms are 
quite important and serve to avoid the infra-red 
catastrophe. For the neutron-electron interaction 
these terms are of higher order in the coupling 
constants and are to be omitted. Thus, if H; denotes 
the first-order correction, 


H,~e’g. (109) 


The second-order perturbation due to this term is 


(Hr) 0a(H1) ao 
Apert ~ i : 
A Es—Eo 





(110) 


where A denotes the intermediate state. 

The numerator in (110) is by (109) of order e4g’. 
In the Lamb Shift calculation the energy differences 
in the denominator are proportional to the coupling 
constants and so reduce the order of smallness of 
(110). The neutron, though, does not have any 
zeroth-order coupling with the electromagnetic 
field of the electron. Moreover, the meson has a 
finite rest mass. Hence, the energy difference in 
(110) has a zeroth-order term independent of e and 
g. Thus, for a neutron in the field of an electron 
(110) is of order e*g?. Terms of this order have been 
considered to be negligible throughout this cal- 
culation. 








Ti 
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Vil. SCALAR THEORY 


To interpret the above results it is most desirable 
to know the predictions of some other meson 
theory. There would then be some possibility of 
separating out effects arising from the perturbation 
approximation from those due to the model chosen. 
Fortunately the results of the scalar meson theory 
with scalar coupling are readily obtainable. Thus, 
substituting 7 for ys in the previous formulas gives 
the effective nucleon Hamiltonian as modified by 
interaction with scalar mesons. The calculations 
from Eq. (31) on are then very similar to those 
given above. It should be sufficient to quote the 
results. 

In nuclear magnetons the anomalous magnetic 
moments are given as follows: 


Neutral theory 








Mp =t+(f?/4ahc)c/27, pn=0. (111) 
Charged theory 
Mp = (f?/Arhc)c2/x, (112) 
n= —(f?/4ahc)[(—ci+¢2)/r], 
where 
3 AA=3) 1 
(.=-—-A— - 
" 2 _— 
A(A2— 5A+4) Ny 
— cos—, (113) 
(4A —)?)! 
5 (A7—4A+2) 1 
C2 =-—A—————— log-- 
2 2 r 
A(A?—6A+8) I 
- cos-—. (114) 





(44— 2)! 


The symmetrical theory results may again be 
obtained by adding those for neutral and charged. 
For small mass ratios: 


Cy~3/2;  Co~5/2—logi/d. (115) 
As the meson mass goes to zero, this gives: 


Neutral 


Mp=0.240(f?/4ahc); pn=0. (116) 
Charged 


Mn+ ©. (117) 


The divergence in (117) is logarithmic. The sum 
of neutron and proton moments in (117) is finite 


and is | 
Mp+bn—+0.48(f?/4rrhc). (118) 


To see how important the logarithmic term is, 
we have calculated the moments for several values 
of the meson mass. The values given in Table I give 
the resultant moments divided by (f?/4hc). 


bg ©; 
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TABLE I. Anomalous moments +f?/4ahe. 











Meson mass 1100 300 180 
Neutral up +0.113 +0.183 +0.203 
Neutral un 0 0 0 
Charged yu; +1.33 +0.03 — 0.468 
Charged pn —1.1 +0.34 +0.870 








It has conventionally been assumed that (f?/4ahc) 
~3n. This is derived on the basis of a rough fitting 
of the scalar theory nuclear forces to experimental 
data. This procedure has very little to recommend 
it since the scalar theory forces are not those 
actually observed, i.e., the scalar theory must have 
very little to do with nucleon interaction. However, 
we can, in this manner, obtain an order of mag- 
nitude estimate. Using such a fit gives much too 
small magnetic moments for all except the very 
largest meson masses. This is to be expected since 
the anomalous moments calculated in a non- 
relativistic approximation assuming an infinitely 
heavy nucleon are zero. All in all it can be said that 
these moments have little in common with experi- 
mental ones and should not be expected to agree. 
The one striking fact is the logarithmic dependence 
on mass. This point will be discussed more fully 
below. The above numbers do show that, although 
the moments tend to infinity as the mass goes to 
zero, this logarithmic increase is significant only 
for very, very small meson masses. 

The equivalent well depth for the neutron- 
electron interaction’ in the scalar theory is given by 


(4—17A+73d?/2 —31d3/2) 
3(4A —)?) 

cos~!\t/2 

(44—)?)! 

X (—28d/3+67d2/3 —9A3/2 





= —1.36(f2/4ehc) 


1 
+4(13/2—Sd+0?) log + 


+11d4/3—d5/3)} kev. (119) 
The interesting point about (119) is that Vo is 
here proportional to 1/A for small A (i.e., it is 
inversely proportional to the square of the meson 
mass). This is to be contrasted to (104) which is 
proportional to loga. 
For a mass ratio of 6:1, (119) gives 


Vo= —6.55(f?/4rhc) kev. (120) 


To see the rate of increase with decreasing A, the 
well depth for a 10:1 ratio has also been computed. 
This is 

Vo= —26.5(f?/4ahc) kev. (121) 


8 A similar calculation has been done by Dancoff and Drell 
using ordinary perturbation theory. Dancoff and Drell, Phys. 
Rev. (to be published). 
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With our wildly hypothetical fitting of the 
coupling constant the well depth is seen to be of the 
order of several kev. , 


VIII. CONCLUSION 


To summarize, we may say that when provision 
is made for mass renormalization, the modifications 
in nucleon electromagnetic properties caused by 
interaction with a meson field are finite and unam- 
biguous. (This is at least true for the scalar and 
pseudoscalar theories.) Some of the present results 
are uncertain because of our lack of knowledge of 
the coupling constants. The absolute values of all 
quantities calculated here are all indefinite, since 
any fit to nuclear force data is questionable in the 
present state of the theory. The relative values of 
neutron moment, proton moment, and neutron- 
electron interaction can be found independently of 
the exact value of the coupling constants. It can be 
concluded that the quantities calculated above on 
the basis of a pseudoscalar theory cannot fit the 
existing experimental data. It may be hoped that 
other models for the meson field and the coupling 
will give more favorable values. The results for the 
scalar theory which have been included throw 
some light on this point. There is also the possi- 
bility that large higher order corrections may 
significantly alter the theoretical predictions. Since 
the first-order effects that have been found are so 
large, this possibility is particularly likely. 

The one serious difficulty encountered in the 
pseudoscalar theory is that the contributions to the 
magnetic moments due to the meson’s electric 
charge is not large compared with those due to the 
proton’s charge. Qualitatively one can argue in the 
following way. The magnetic moment from the 
proton’s charge is due to a zero-point oscillation of 
a particle of charge e over a region of dimensions of 
the order of the nucleon Compton wave-length. 
Thus, it would be expected that in nuclear mag- 
netons this contribution would be 


P\e 1 P 
~ =2(—— }. (122 
ass eh/2Mc fe ~~ 


This expectatioa is indeed born out by the above 
detailed calculation. The meson charge contribution 
to the magnetic moments should be roughly that 
of a charge e spread out over a distance like that of 
a meson Compton wave-length, i.e., the con- 
tributions to the magnetic moment in nuclear mag- 
netons should be 


er 
on uc/heh/2Mc  \4xrhc] p 


fr \i1 
of) 
4rhc/ 3 











(123) 








m. oe. 
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Thus, the meson contributions should be of order 
M/u times the proton contribution. Since the 
meson portions are equal and opposite for neutron 
and proton, approximate agreement with the 
almost equal and opposite character of the observed 
moments would be expected. However, (123) tells 
us that for small meson masses the meson con- 
tribution to the moments should be proportional to 
\-?. Equation (92) shows that this is not so for the 
pseudoscalar theory to our approximation. 

The question arises as to what extent this failure 
to predict equal and opposite anomalous moments 
justifies throwing out the pseudoscalar theory and 
in what way higher order corrections may be 
expected to modify the present statements. Sug- 
gestions as to the answers to these questions are 
given by the neutron-electron interaction and the 
scalar theory results. In measuring the integral of 
the neutron-electron interaction and the magnetic 
moments, essentially two properties of the meson 
cloud are determined. The former measurement 
tells us about the spherically symmetric charge dis- 
tribution while the latter gives information about 
the asymmetric portion of the cloud. A priori one 
would expect the symmetric part to extend out 
somewhat further but that the orders of magnitude 
of the two regions would not be appreciably dif- 
ferent. In the pseudoscalar theory the portion of the 
integrated potential coming from the meson dis- 
tribution can be seen to be proportional to loga. 
This corresponds to a potential of the form 
exp(—x«r/r*) in the distant regions which contribute 
to the neutron-electron interaction. On the other 
hand, we have seen that the regions of space over 
which the asymmetric charge distributions which 
contributes to the magnetic moment exists are of 
linear dimensions 1/xo. Thus, in the pseudoscalar 
theory we have, to first approximation, an aniso- 
tropic meson distribution extending to the nucleon 
Compton wave-length followed by a symmetrical 
distribution of the form exp(—x«r/r*). In the scalar 
theory the integrated potential is inversely propor- 
tional to A, corresponding to an exp(—x«r/r) sym- 
metrical distribution. The meson portion of the 
magnetic moments are proportional to logA for 
small \}. Hence, the asymmetric charge distribution 
is spread over a region of linear dimensions some- 
where intermediate between the nucleon and meson 
Compton wave-lengths. 

From the above, one can conclude that the failure 
of pseudoscalar theory to give approximately equal 
and opposite moments is not an indication that all 
models will similarly fail. The pseudoscalar theory 
is peculiar in that the meson cloud accompanying 
a nucleon is particularly closely bound to the 
nucleon. In other theories the mesons can be more 
widely spread out giving some hope of approximate 
agreement with experiment. 
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One can also make some estimate as to the rela- 
tive changes in the quantities calculated here that 
will result from taking into account higher order 
corrections. From the general knowledge acquired 
in dealing with additional radiative corrections, it 
can be said that the general effect is to spread out 
density distributions. Thus, including further terms 
in the coupling constant would distribute the effects 
over a distance which might be something inter- 
mediate between nucleon and meson wave-lengths. 
Hence, quantities such as the neutron-electron 
interaction calculated here should be relatively 
unaffected. In particular, the scalar theory potential 
would be less affected than that found in the 
pseudoscalar theory. The magnetic moments, as 
calculated here, have their principal contributions 
from quite small distances. These would be expected 
to suffer substantial modification when radiative 
corrections are included. This is particularly true 
for the pseudosclar magnetic moments. Thus, pre- 
cisely those calculated quantities which are in most 
flagrant contradiction with experiment are those 
which have been least accurately computed. 

The objection to the pseudoscalar theory that 
the calculated moments are not even approximately 
equal in magnitude would still seem to be rather 
serious. Although the calculated moments may be 
expected to suffer considerable alteration in mag- 
nitude by the spreading out, it is difficult to see why 
the relative magnitudes of proton charge and meson 
charge contributions should be altered. In order for 
agreement with experiment to be achieved, the 
effects of the higher order terms must be highly 
selective. The proton ‘‘Zitterbewegung’’ must be 
but slightly changed while the anisotropic meson 
current is spread out to the meson Compton wave- 
length. That this will happen is rather debatable. 

It is the author’s personal opinion that the most 
hopeful approach is to continue to seek some model 
which gives rough qualitative agreement with ex- 
periment when calculated to the first order in the 
coupling constant. Including higher order cor- 
rections might then be expected to give quantitative 
agrement. The results found for the scalar theory 
indicate that the finding of such a qualitatively 
agreeing model is at least a possibility. 

In conclusion I would like to thank Professor 
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J. R. Oppenheimer for several very illuminating 
discussions. 
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APPENDIX A 
Vanishing of vacuum polarization terms 


The result obtained in Section IV, that not only the charge 
renormalization but all other polarization terms vanish for 
the pseudoscalar coupling, may be based on a considerably 
simpler and more general physical proof suggested by Pro- 
fessor J. R. Oppenheimer. It is deduced from the theorem 
that polarization phenomena vanish when particle and anti- 
particle have the same “mesonic charge” (f). Vacuum 
polarization is due to the creation and separation of pairs. 
However, if particle and antiparticle have the same “‘mesonic 
charge,”’ the force on the particles of a pair due to a virtual 
meson will be the same. Therefore, the meson field will not 
separate the pair and there will be no polarization. 

The relation between the mesonic charges of particle and 
antiparticle may be derived from the twin postulates of 
invariance under time reversal and charge conjugation. Let 
us suppose an interaction term is to be used which contains 
some Dirac covariant. Omitting the meson field quantities, 


this term will be ‘ 
Hin =goy, (A1) 


where 0 is some combination of y’s, and g is the “mesonic 
charge.”’ For the expression to be covariant under the trans- 
formation 


(A2) 


(A1) must be modified by the introduction of the charge 
conjugate to B 


xix’, xe —x4', 


Hint’ = (g/2) [Woy +y'0y’], (A3) 
where primes on the y denote charge conjugate operators. 
Whether the plus or minus sign is to be taken in A3 follows 
uniquely from the properties of 0. 

Suppose the plus sign is found necessary for a given 0. 
Since yy’, yy under the transformation e—~>—e, the 
requirement of invariance for Hint’ requires that 


gs, 
i.e., particle and antiparticle have the same charge g. 


On the other hand, if the minus sign holds in (A3), charge 
invariance requires 


(A4) 


e>—e, 


rere (AS) 


and then particle and antiparticle have equal and opposite 
“‘mesonic charges.” 

On examining the five Dirac covariants, it is found that 
vector and tensor coupling require opposite charge. Scalar, 
pseudoscalar, and pseudovector coupling must have the same 
mesonic charge. Hence, for the last three types of coupling, 
all vacuum polarization terms vanish. 


e—>—€, 
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Equivalence Theorems for Meson-Nucleon Couplings 


K. M. Case 
The Institute for Advanced Study, Princeton, New Jersey 
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The equivalence of pseudoscalar and pseudovector couplings of a pseudoscalar meson field with a 

* nucleon field is examined. It is found that to the second order in the coupling constants the two 
couplings are equivalent except for two terms. One of these extra terms is predominantly an addi- 
tional self-energy. The other occurs only for charged mesons and modifies the electromagnetic prop- 
erties of a meson-nucleon system and the scattering of charged mesons. To this order (g*) it does not 
contribute to nuclear forces. Similarly, it is shown that the vector coupling of scalar mesons to nu- 
cleons can be replaced (to g*) by a term identical with the last of the above-mentioned terms. These 
results show that the delta-function interactions which have been found in the past are actually 


not present. 












cleons are calculated by means of meson theory, an 
external electromagnetic field has been explicitly 
included. For generality, the proof is carried out 
using the Schwinger-Tomonaga many-time for- 


I. INTRODUCTION 


OR some time it has been known that there 
exist some relations between the results to be 


= 5 FEE 


-- es 
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expected from a pseudoscalar meson theory with 
pseudoscalar coupling to the nucleon field and one 
with pseudovector coupling. Similarly, there have 
been indications that the vector coupling of a 
scalar meson field with nucleons is to a certain 
approximation illusory. 

However, previous statements and proofs of 
these theorems have been either unconvincing! or 
incomplete.? These theorems are important labor 
saving devices and so an accurate statement of their 
limits of validity is useful. Below, two theorems are 
proved which show when one type of coupling may 
be omitted and when it may not. In order to include 
cases in which electromagnetic properties of nu- 
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for a charged field. 

Here ¢, ¢* are the meson field operators, y, y the 
spinor operators of the nucleon field. x and xo 
are the reciprocal meson and nucleon Compton 
wave-lengths, respectively. g is the vector (pseudo- 
vector) coupling constant and f that for scalar 
(pseudoscalar) coupling, A, is the four-vector 
potential of the electromagnetic field, m, the unit 
normal at the point x to the surface ¢ on which we 
consider the wave function. 7, 72, 73 are the usual 
isotopic spin operators chosen so the eigenvalue, +1 
or 73 corresponds to neutrons, —1 to protons. The 
, are the quantities ordinarily used in the Dirac 
equation. 


Theorem II 


To the same approximation as above, the Hamil- 
tonian for a pseudoscalar meson field with both 


1E. C. Nelson, Phys. Rev. 60, 830 (1941). 
2F, J. Dyson, Phys. Rev. 73, 929 (1948). 


malism. 
The two theorems may be stated as follows: 


Theorem I 


To the second power in the nucleon-meson 
coupling constants, the Hamiltonian for a scalar 
meson field having both scalar and vector interac- 
tion with a nucleon field in the presence of an ex- 
ternal electromagnetic field may be replaced by an 
equivalent one. The equivalent Hamiltonian is one 
without vector coupling but with an additional 
term. This additional term is zero for a neutral 
field and equal to 





Pond ira (1) 





pseudoscalar and pseudovector coupling in an ex- 
ternal field may also be replaced by an equivalent 
one. The new Hamiltonian is that for a system 
without pseudovector interaction but with an 
additional pseudoscalar interaction and two other 
additional terms. The first additional term is the 
same as the extra term in the scalar theory. The 
second new term is 


(2g/hcx) (f —2Kog/x)o* oy (2) 
for charged mesons and 
(2g/hcx) (f—2Kog/x) o> (3) 


for neutral mesons. 


II. PROCEDURE 


The essence of the proof is the following. The 
vector and pseudovector coupling terms are mainly 
(d¢/dx,)T,, where T, is a four-vector or pseudo- 
vector, respectively. Here yu is to be summed from 
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1 to 4. This term may be written 
(0/dx,)¢T,—(0T,/dx,). 


Using the Dirac equation one may show that the 
second term is zero or a pseudoscalar coupling. The 
first term is a four-dimensional divergence and may 
be eliminated by a contact transformation. This 
transformation can be shown to depend only on 
the space-like surface on which the wave function 
is considered and not on the past history of the 
the system. Using the commutation properties of 
the various fields, the extra terms arising from the 
transformation may all be expressed as point 
functions. It turns out that the transformation 
which eliminates the divergence also eliminates the 
direct 5-function interaction terms which arise on 
going from Lagrangian to Hamiltonian form with 
vector or pseudovector coupling. By an additional 
transformation most of the extra terms arising from 
the original may be combined with the additional 
electromagnetic terms, which occur when we have 
vector or pseudovector coupling, to give zero. 

The equations used for meson theory in the 
many-time formalism are essentially those pro- 
posed by various Japanese workers.** Where nota- 
tion is not defined, it is the same as that employed 
by Schwinger.® 


Ill. CHARGED THEORY 


In the interaction representation the equations 
of motion of the field operators are 


(LP —«*)¢ = (LP —«*)¢* =0, (4) 
Cru(0/dx,) + Ko lw = Cru(0/dx,) si Ko lW =0, (5) 
k=puc/h; «o=Mc/h, (6) 


where yu is the meson mass, M the nucleon mass. 
The commutation relations are 


[o(x), $*(x’) ]=ihcA(x—x’), (7) 
[o(x), d(x’) ]=[o*(x), o*(x’)]=0 

and . 
(Vel), Yals")} =1/8Saplx—2), i 
{Wa(x), ¥a(x’) } = {Va(x), ¥a(x’)} - 0, 


where A and S are Schwinger’s A and S functions 
for mass yw and M, respectively. 

The Schrédinger equation for the wave functional 
is 


6v 7 0g* 0 
ie—=¥ Ha) ¥+(1.—+0,—)w (0) 


3S. Kanasawa and S. Tomonaga, Prog. Theor. Phys. 3, 
101 (1948). 

* Y. Miyamoto, Prog. Theory. Phys. 3, 124 (1948). 

5 J. Schwinger, Phys. Rev. 74, 1439 (1948). 


with 
A,=— 1/ ChwAy 
Hz = (ie/hc)A,Lo*(06/dx,) — 6(06*/dx,) ] 
H;= (e?/h'c?)¢*o(A,?+ (,A,)?) 
H,=R*¢+R¢* 





Hy=(ie/hc)A,(T,6*—T,") - 
He.= (te/hc)n,A,(n,T o* ae n,\',*p) 
n,l',n,l',*-+-n,T ,*n,T, 
. , ’ 
where 4 
jn= iecyy(1—75)/(2)¥ 
R=ifdys' ry (11) 


r= (ig/«)Pruvs' T+. 
ys’ is unity for the scalar meson theory and the 
conventional 7s for pseudoscalar mesons. 
= (r1 +772) /2. 

The unfamiliar terms containing m, result from 
generalizing the conventional theory so as to ob- 
tain manifest covariance and integrability of the 
Schrédinger equation. Pure scalar (or pseudoscalar) 
coupling is obtained by putting g equal to zero in 
(10). Vector (pseudovector) coupling is seen to give 
rise, in addition to the last term in (9), to 


H;,—direct 6 function interaction, 
H;+H,—additional electromagnetic interaction. 


Now: 


ag* ap 90 
fot t= —(T,¢*+ r,*¢) 
OXp OX, OX, 
TT, #7 
—g*—"-g—. (12) 
OX, OX, 
Using Eg. (5) gives 
YT, «a, 
¢*—+-¢--— 
OX, OX, 
0 —scalar theory 
(13) 





(Ro*+.R*o)—pseudoscalar theory. 

K 
Thus, the last term in (12) contributes nothing 
(scalar theory) or else gives an additional pseudo- 


scalar coupling. 
The divergence is now to be eliminated by acontact 
transformation. Let Y=exp(—iG:) ¥’, (9) becomes 


ihc(6W’ /bc) +the exp(iG:) (6 exp(—1G1)/50) VW’ 
7 
=exp(iG:) >> H; exp(—1G,) V’ 


t=] 
+exp(iG:)d/dx,(T.o*+T,.*¢) 
Xexp(—1G1) ¥’ +exp(tGi)[ — $*(0T,/dx,) 
— (dF ,*/dx,) ] exp(—iGi) VW’. (14) 








16 x... @. 


Taking G; to be of order g, and expanding to terms 
in g’ gives 


6 exp(—7G,) 
the FT ti la 
. 6G, the 6G, 
=hc—+ =| 60 —|. (15) 
bo bo 
Choosing 
Gi= (1/hc) (/dx,) (T,.6* +T,.*¢) (16) 
gives* 
Gi=(1/he) [ (@/ax,) (To* +1,48)de 
ns (17) 


= (1/hc) f (T,.o*+T,.*6)do, 


(on applying Gauss’ theorem). With the choice of 
Gi, (14) becomes, on inserting (15) and dropping 
primes, 


6v 7 
_ =exp(iG1) >> H; exp(—1G.) Vv 
o i=1 


r,* 





ar, 
+exp(iG)(-#*—*-6 Jexp(—iGw 
Xp 


Xp 

1 0 

+46, —re++1,40) |v. (18) 
2 OX, 


Using the commutation rules and the properties of 
A and S on space-like surfaces gives 


t/2[Gi, (0/dx,)(T.o*+T,*$) ] 


= —H,+(0F,/dx,)(x)+He, (19) 
where 
F(a) = (i/2he) f (Cr(e'), B.4(8) 60) 
+(T.*(x’), Tu(x) ]o(x’)o*(x))do,’. 
2 7 Og* 0 
H,(x) - tr 6-0) 
2hex? Ox, Ox, 
But to order g?, 
exp(1G1)H7 exp(—1G) =H. (20) 


Hence, the direct interaction is removed by the 
transformation. Equation (18) becomes 


éV 6 
ae. =exp(iG,) >> H; exp(—iGi) Vv 
a i=1 
a* 
“a 
OXp 


aF, 
eae eaten (21) 
; Xp 


ory, 
+ exp(7G1) ( ns 
OX, 


_ * This is just Dyson’s transformation expressed in the many- 
time formalism. 


CASE 


The last term in (21) is again a divergence and is 


eliminated by the contact transformation. 
WV =exp(—iG.) WV’ (22) 

with 
G2= (1/ne) f F,,(x"’)do,’’. (23) 


Gz is of order g? and so, on keeping only those terms 
which have contributions of order g? or lower, 


/ 


thc—— =exp(tG2) exp(tG1) 


bo 


6 
X> H; exp(—1G:) exp(—iGe) Vv’ 


i=1 
+exp(iG.)[—*(0T,,/dx,) 
—$(dT,*/dx,) ] exp(—1G1) V’ 
+exp(iG,)H.exp(—1G,)V¥'. 


Using the theorem 


exp(iA)B exp(—iA) = @#/I))[A, BJ, (25) 
l=0 


(24) 


where [A, B ]; is the /’th repeated commutator, (24) 
becomes on keeping terms at most second order in 
the coupling constants and again dropping primes, 


ihe(6W/5c) =(He+Hst+He+Het+He)¥, (26) 
where 
Hy=¥ Hi—[6*(0,/9x,)+6(0T,4/02,)] 
I=ilGr, Hs]—1[G:, $*(0T,/d%,) 
+9(0T,*/dx,) ] 27) 


H.=Hs+i[Gi, Wi]+i(Gi, Hs] 
—43(G,, [G:, Hi:J]+7[G2, Hi] 
Ha=Heti[Gi, H2]+i[Gi, He] 
—3(Gi, (Gi, H2J)+2[G2, He]. 


In (26)-the commutativity of H; with G; and G2 has 
been used. 


By (7) and (8) and the properties of S and A, - 


one finds’ 
4[Gi, H,]= — H,, (28) 
and then 
H.=i/2[.G1, Hs; |+i[G2, Hy; ]}. (29) 
These two terms may be combined by means of 
Jacobi’s identity and then evaluated giving 


Hi, = ( +teg*/hrc*x)A * ov yr Ty. (30) 
Similarly, 
iG, H2]= —He, (31) 
and so 
Ha=1i/2[(Gi, He |+i[G2, Hz] (32) 
which is 
Ha=(+ieg?/h?c?x?)n,A ,o*oyramvy. (33) 





-_—_ A, ee ee ee i ee ee 
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Equations (30) and (33) hold for both the scalar 
and pseudoscalar theories. 
Straightforward evaluation of the commutator 


yields for Hy 
H,=0 (scalar theory) (34) 


Hy= (2g/hcx) (f—zxog/x)o* yy 


(pseudoscalar theory). (34’) 


Substituting the results obtained in (26) gives 
as the Schrédinger equation for V: 


Scalar theory 
bv 4 


ithe—=> Ay 
do i=! 
g 1e 
— yrs{or(— —eoor al Jo 
shen? ox, he 
(asia 
Ox, 


1eg” 





he o*onnA Wy THY. (35) 
C*K 


Pseudoscalar theory 








by 4 ZKog 
the—=>- Ay —-—H,v 
6g i=! K 
2 
ue dle(s ~ <4 .)o 
zhc Ox, 
~o(2+H4.)or]e 
1eg? 
eae oon nA wy tH 
202K 


= (1-*) oad. (35") 
7s 


IV. NEUTRAL THEORY 


The equations for the neutral meson theory in 
the many-time formalism may be obtained from 
those of the charged theory given above by identi- 
fying ¢ and ¢* and omitting the isotopic spin 
operator. In the Schrédinger equation the terms 
H2, H3, Hs, and He are to be omitted. By trans- 
formations identical with G; and Ge, except for the 
absence of starred operators and 7 vectors, the 
equations may be put in the form given by (26) 
and (27). 

Hg vanishes since all the H,’s occurring there are 
zero. 


H, becomes 
H,=i[Gi, Ay )|—3[G1, [G,, HA, ))]+i[G2, Ay}. (36) 


It can readily be shown that G; and G2 now com- 
mute with A. 
H.=0. (37) 


Hi, on evaluation gives the same result as in (34) 
and (34’) with the replacement 


$*¢—¢"(x). (38) 
Similarly He=0. 


V. DISCUSSION 


It is to be noted that the Schrédinger equation 
for the scalar (pseudoscalar) theory with pure 
scalar (pseudoscalar) coupling is given by 


4 
ihce(8V/6c) =>. Hew. 

=1 
Thus, with charged mesons the effect of vector 
(pseudovector) coupling is to add three terms to 
the Schrédinger equation. The first of these terms 
is zero for the scalar theory and a multiple of the 
pseudoscalar coupling for pseudoscalar mesons. 
The second addition is the same for both types of 
field and is 


ge d te 
“acted 
hc x? Ox, 


2 
on 44 .)o*| 








—. 


os 





o*on nA wy ta. (40) 
hic?x? 

This term gives no magnetic moment to order eg’. 

The term does not occur for neutral mesons. The 

last term introduced by the vector coupling is zero 

for scalar mesons. For the pseudoscalar case it may 

be written 


2g/hcx(f —2Kog/k) {(*b)vadV+o*dWy)vac 
+ (¢*b —(6*)vac) (WW —(W)vac) +const.}. (41) 


In this form it is apparent that the one particle 
effects due to this term are expressible as additional 
mass terms. This shows that the statement that 
the pseudovector coupling is equivalent to pseudo- 
scalar coupling is true for many of the simpler 
problems. It is not true for the special case of self- 
energy calculations. It is to be noted that to g* the 
pseudoscalar and pseudovector couplings are equiv- 
alent for the calculation of nuclear forces and that 
there are no direct 6 function interactions to this 
order. 


Thanks are due to Dr. R. P. Feynman for point- 


‘ing out an error in the original manuscript. 
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Variational methods developed by Schwinger are applied to 
neutron-proton scattering at energies below 10 Mev. S-wave 
scattering alone is considered, and the tensor force is not 
taken into account. An expansion is obtained for the phase 
shift in powers of the energy. The coefficients can be evaluated 
explicitly from the wave function. The first term of the series 
is related to Fermi’s scattering length, the second term in- 
volves an “effective range.” The third and higher terms 
turn out to be negligible. 

The results are used to define an “intrinsic range’’ for a 
potential well of arbitrary shape. Thus a reasonable com- 
parison of potential wells of different shapes is made possible. 
The relation between intrinsic range and effective range is 
discussed. 

The experimental] data on coherent and incoherent neutron- 
proton scattering are discussed in terms of a “shape-inde- 
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pendent’”’ approximation. The best value for the effective 
range in the triplet state is r;>=(1.56+0.13) X10- cm. The 
effective range in the singlet state is not well determined by 
the present data. 

The effect of higher, shape-dependent terms in the expansion 
of the phase shift is considered. These terms become more 
important as the well shape becomes more long tailed, but 
they are found to be negligible within experimental uncer- 
tainties for the four well-shapes considered here (square, 
Gaussian, exponential, and Yukawa). 

The results for the scattering phase shifts can be extrapo- 
lated to negative energy to give an approximate algebraic 
equation for the energy of the bound state of the deuteron. 

All the numerical results are shown in graphical form; 
interpolation formulas are provided where higher accuracy 
may be needed. 





I, INTRODUCTION 


HE interpretation of nuclear scattering data 
commonly proceeds according to the scheme 


(Experimental Cross Sections)—(Phase Shifts) 
«(Theoretical Nuclear Potentials). 


(1.1) 


That is, the phase shifts' constitute the common 
meeting ground between theory and experiment. 
The classic example of this type of analysis is the 
pioneer work of Breit and associates? on proton- 
proton scattering. 

The scheme (1.1) involves a large amount of 
computation. There has long been a feeling that 
the low energy data really do not yield enough 
information to merit such a detailed approach. 
This feeling was expressed by Landau and Smoro- 
dinsky** among others. They developed a semi- 
empirical formula for.the phase shifts. Unfortu- 
nately, they did not succeed in giving a rigorous 
mathematical justification for their method of 
approach. Consequently they were unable to relate 
the parameters which they introduce to the correct 
wave mechanical description of the two-body 
system in a precise way. 


* Assisted by the joint program of the ONR and the AEC. 

1N. F. Mott and H. S. W. Massey, Theory of Atomic Colli- 
sions (Oxford University Press, London, 1933), p. 24. 

2G. Breit, E. U. Condon, and R. D. Present, Phys. Rev. 
50, 825 (1936); G. Breit, H. M. Thaxton, and L. Eisenbud, 
Phys. Rev. 55, 1018 (1939); L. E. Hoisington, S. S. Share, 
and G. Breit, Phys. Rev. 56, 884 (1939); G. Breit, A. A. 
Broyles, and M. H. Hull, Phys. Rev. 73, 869 (1948). 
n r Landau and J. Smorodinsky, J. Phys. U.S.S.R. 8, 154 
1 , 

4J. Smorodinsky, J. Phys. U.S.S.R. 8, 219 (1944) and 11, 
195 (1947). 
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During the last few years, however, Schwinger® 
has developed a powerful variational method which 
provides a rigorous basis for the Landau-Smoro- 
dinsky approach to the analysis of scattering data. 
This method shortens the labor of computation 
materially for any one assumed form of the nuclear 
potential. In addition, this method provides a 
simple way to determine just what properties of 
the nuclear potential can and cannot be inferred 
from the experimental data. 

The essence of the approach of Schwinger and 
Landau and Smorodinsky is its prediction of a 
simple functional form for the variation of the 
phase shifts with energy under very general assump- 
tions about the nuclear potentials. This functional 
form involves some undetermined parameters, of 
course. The analysis then proceeds according to 
the scheme: 


(Experimental Cross Sections)—>(Phase Shifts) 
—(Variational Parameters) 


«(Theoretical Potentials). (1.2) 


In contrast to (1.1), the meeting place between 
theory and experiment is not the phase shifts 
themselves but the values of the variational param- 
eters implied by the phase shifts. This simplifies 
the numerical work since only a few parameters 
(actually 3 are sufficient for energies below 10 Mev) 
have to be computed for each choice of the theo- 
retical potential energy, rather than a larger number 
of phase shifts. One can get a qualitative under- 
standing of these parameters so that one can easily 


5 J. Schwinger, Phys. Rev. 72, 742A (1947); hectographed 
notes on nuclear physics, Harvard, 1947. 





‘tive 
The 
| by 


sion 
10re 
but 
cer- 
are, 


ipo- 
raic 


rm; 
‘acy 


rer 
ich 
ro- 


en 
fts 


es 
TS 





NEUTRON-PROTON 


predict the difference in the scattering properties of, 
say, a ‘‘short-tailed’’ and a “‘long-tailed” well. The 
scheme (1.2) also makes it possible to give a clear- 
cut criterion of “best fit’ to the data: one fits a 
definite functional form to the phase shifts, so that 
the parameters and the errors in them can be 
determined by least square methods. 

The present paper deals with this scheme of 
analysis for neutron-proton scattering. (A com- 
panion paper on proton-proton scattering is in 
preparation.) For low energies (below about 10 


Mev), S-wave scattering alone is of importance. - 


For this case the quantity k coté [k =wave number 
of the neutron in the center-of-gravity system, 
5=phase shift ] can be expanded as a power series 
in k? (i.e., in the energy, since the two are propor- 
tional), as follows: 


k coté= —1/a+4rok?—Tki+---. (1.3) 


The existence of the series (1.3), and of its 
equivalent for proton-proton scattering, was real- 
ized before the work of Landau and Smorodinsky. 
Indeed, Breit, Condon, and Present? showed that 
the zero-range assumption does not give a good fit 
to the proton-proton scattering data, This assump- 
tion is equivalent to using only the first term of the 
proton-proton series corresponding to (1.3). The 
Russian papers served to focus attention on the use 
of (1.3) as the starting point for a complete scheme 
for analyzing the data. Schwinger’s work in turn 
made it possible to relate the coefficients to the 
quantum-mechanical properties of the system. 
Since that time Bethe,® Peierls,? Hatcher, Arfken, 
and Breit,* and Chew and Goldberger® have all, in- 
dependently, found ways of deriving the Schwinger 
expressions for the coefficients in (1.3) directly from 
the basic differential equation, without the use of 
variational methods. Ekstein!® has independently 
succeeded in deriving the variation principle under- 
lying the present work. Hulthen" has applied 
slightly different variational methods to similar 
problems. 

The first two coefficients of the power series (1.3) 
have been written in a special form so as to give 
them simple physical meaning: the parameter a 
turns out to be Fermi’s” ‘‘scattering length” evalu- 
ated at zero energy. 79 is dimensionally a length 
and the factor 4 in (1.3) makes its value fall 
somewhere near the ‘‘edge’’ of the potential well. 


6 H. Bethe, Phys. Rev. 76, 38 (1949). 
(1949 , C. Barker and R. E. Peierls, Phys. Rev. 75, 312L 
®R. D. Hatcher, G. B. Arfken, and G. Breit, Phys. Rev. 
75, 1389 (1949). 
*G, F. Chew and M. L. Goldberger, Phys. Rev. 75, 1466A 
(1949); also Phys. Rev. 75, 1637 (1949). 
10H, Ekstein, Phys. Rev. 75, 1322A (1949). 
(19483 Hulthen, Arkiv f. mat., astr. och fysik 35A, No. 25 
2 F. Fermi and L. Marshall, Phys. Rev. 71, 66 (1947). 
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Hence 7 is called the “effective range.’’ The term 
“effective range” must be used with some caution 
since 79 depends not only upon the range but also 
upon the depth of the potential well. 

The result (1.3) does not look too promising at 
first sight since a power series has infinitely many 
terms. Hence we must, in principle, determine 
infinitely many parameters, i.e., the coefficient of 
every power of k? in (1.3). For low enough energies, 
however, the first few terms of the power series will 
clearly suffice. Suppose the first terms of the 
series (1.3) are sufficient to give an adequate fit to 
the data over the energy range in question. Then 
the data determine no more than these n coefficients 
of the series (1.3). Two wells which lead to the 
same values of these coefficients are equivalent fits 
(equally good or equally bad as the case may be) 
to the experiments, even though their higher order 
parameters (coefficients of k", k*"**, etc.) may 
differ considerably. 

It will turn out that the third term of (1.3) and 
all the ones beyond it are so small that they can be 
neglected within the experimental error over the 
energy range in question. We then get the shape- 
independent approximation formula: 


k cots —1/a+4rok?. (1.4) 


The name comes from the fact that (1.4) involves 
only two variational parameters, namely, the scat- 
tering length a and the effective range ro. For any 
well shape we always have two adjustable well 
parameters at our disposal: the well depth and the 
range of the well. Having two well parameters with 
which to fit two variational parameters, we can 
obviously make a fit no matter what the shape of 
the well, provided only the well shape and energy 
range are such that the higher terms in (1.3) are 
indeed small. ; 

In neutron-proton scattering, the data below 10 
Mev are sufficiently inaccurate so that one cannot 
determine the coefficient T of k* except within very 
wide limits. Moreover, around 15-25 Mev the 
S-wave phase shift is near to 90° so that the S-wave 
cross section is close to 4rx?, and the transmission 
experiments just measure the effective wave-length 
of the neutrons. At even higher energies, the data 
are extremely hard to interpret; higher orbital 
angular momenta enter significantly, and their 
contributions (phase shifts) are hard to separate. In 
addition, the spin-orbit coupling due to the tensor 
force also becomes significant, and this doubles the 
number of independent phase shifts which must be 
determined from the data. The present data” 
around 90 Mev do not have the accuracy necessary 


131, J. Cook, E. M. McMillan, J. M. Peterson, and D. C. 
Sewell, Phys. Rev. 72, 1264L (1947); J. Hadley, E. Kelly, 
C. Leith, E. Segré, C. Wiegand, and H. York, Phys. Rev. 75, 
351 (1949). 
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for such an analysis. We are therefore restricted to 
the data below 10 Mev, and we can learn nothing 
at all about the shape of the nuclear potential well. 

There is a slight correction to the conclusion of 
the last paragraph; one can of course conceive of 
wells with values of T so abnormally large that 
they would make the third term of (1.3) predomi- 
nate even at moderately low energies. Even the 
rather inaccurate and low energy data will then 
give a poor fit to (1.3). Peculiar wells with such 
abnormally large values of T are excluded by the 


experiments. But we shall see that all the commonly - 


assumed well shapes give quite small values of Tk‘ 
below 10 Mev. Well shapes which lead to large 
values of T must have a very long tail (longer than 
the Yukawa well). Extremely long-tailed wells are 
probably excluded by Wigner’s" original argument 
for short-range forces (based upon a comparison of 
the binding energies of H?, H*® and He*). Hence 
we conclude that, except for unusual well shapes likely 
to be excluded by other considerations, the expert- 
mental data about the neutron-proton system at low 
energies tell us nothing at all about the shape of the 
nuclear potential well. 

An analysis given by one of us,!5 based upon the 
shape-independent approximation, shows that it is 
impossible to determine the parameters uniquely 
even with this simplifying assumption. The effective 
range 7, in the singlet spin state is known at present 
only within limits so wide as to be almost meaning- 
less. However, more accurate data would remedy 
that situation, and the accuracy involved appears 
to be within the limits of present experimental 
techniques. On the other hand, we feel that it is 
useless at this time to analyze the neutron-proton 
data by any more detailed method than the shape- 
independent approximation. 

Section 2 of this paper is devoted to an exposition 
of the Schwinger variational method for scattering 
problems. In Section 3 we use this method to derive 
the shape-independent approximation (1.4). An 


alternative, simpler derivation of (1.4) without the . 


use of variational techniques is given in a companion 
paper by Bethe.® Section 4 is devoted to the elabo- 
ration of these results. We define the ‘“‘intrinsic 
range” and ‘“‘well-depth parameter” of a well of 
arbitrary shape and we discuss the relation between 
the effective range and intrinsic range. Section 5 
gives an approximate formula for the energy of the 
ground state of the deuteron. Section 6 is devoted 
to the analysis of the experiments in terms of the 
shape-independent approximation, bringing the 
results of reference 15 up to date. The formula for 
T in (1.3) is derived in Section 7, and some com- 
puted values are given there to show that T can 
indeed be neglected for the usual well shapes. 


4 E. Wigner, Phys. Rev. 43, 252 (1933). 
15 J. M. Blatt, Phys. Rev. 74, 92 (1948). 
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Finally in Section 8 we give a more accurate 
expression for the ground state energy of the 
deuteron. We also give interpolation formulas for 
the necessary well depth as a function of the 
intrinsic range b of the well for the four conventional 
well shapes. 

The tensor force has been neglected throughout 
this work. An investigation of this aspect of the 
problem is being carried out by L. C. Biedenharn, 
and will be presented in a later publication. 


Il. THE ESSENTIALS OF THE SCHWINGER 
VARIATIONAL METHOD 


The Schwinger analysis,> upon which this whole 
work is based, can be summarized for our purposes 
as follows. We shall assume S-scattering only and 
no long-range (Coulomb) forces for the sake of 
simplicity of presentation. Let g(r) be the radial 
part of the wave function in the center-of-gravity 
system, and let 


u(r) =rg(r). (2.1) 


Then u(r) satisfies the Schrédinger equation: 
[ —d?/dr?—k?+2mV(r)/h? u(r) =0. 


Here k? = 2mE/h? is the square of the wave number 
associated with the relative motion, E is the energy 
associated with relative motion, m =mym2/(m,+m2) 
is the reduced: mass, and V(r) is the nuclear 
potential. This differential equation is to be solved 
subject to the boundary condition 


u(0) =0. 


Since V(r) approaches zero rapidly as soon as r 
exceeds the range b of the nuclear force, the solution 
of (2.2) and (2.3) will behave for r>0d like 


u(r) ~sin(kr) +tané cos(kr). 


(2.2) 


(2.3) 


(2.4) 


(2.4) defines the phase shift 6. The cross section is 
given by! 


o =4rn sin?5/k?. 


(2.5) 


Schwinger now proceeds to replace the differential 
equation (2.2) by an integral equation. He writes 
(2.2) as 


(—d?/dr?—k?) u(r) = —[2m V(r) /h? u(r) 


and introduces a Green’s function for the operator 
on the left-hand side. The Green’s function is the 
one appropriate to standing waves. It satisfies the 
conditions: 


(—0?/dr?—k*)G(r, r’) =8(r—1’), 
G(0, r’)=0, G(r, r')~cos(kr) for r>r’. (2.6) 
This Green’s function is given by 


G(r, r') =k sin(kr<) cos(kr>), (2.7) 
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where r< stands for the smaller one of r, r’, and rs 
stands for the larger one of 7, 7’. 
We also introduce the notation 


W(r) = —2m V(r) /h?. (2.8) 


The differential Eq. (2.2) can now be written as an 
integral equation: 


u(r) =sin(kr) +f ace, r’)Wr')u(r’). (2.9) 


We observe that if we add any multiple of sin(kr) 
or cos(kr) to the right-hand side of (2.9), u(r) will 
still satisfy the differential Eq. (2.2). The particular 
choice (2.9) was made so as to satisfy the boundary 
conditions (2.3) and (2.4). (2.3) is obviously satis- 
fied. To see whether (2.4) is satisfied, we let r be 
much larger than the range b of the forces. The 
integral extends practically only over values of r’ 
of order b, which is much smaller than r by assump- 
tion. We therefore substitute re =7’, rs =r in G(r, 7’) 
(2.7). This gives 


u(r)—~sin (kr) 


+[e f “dr sin(kr’ wee u(r) cos(kr). 


Comparison with (2.4) shows that the phase shift 
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5 is given by 


tané =f dr’ sin(kr’)W(r’)u(r’). (2.10) 


Schwinger now rewrites the integral Eq. (2.9) in 
the form of a variation principle. To do this, he 
multiplies both sides of (2.9) by W(r)u(r) and 
integrates over r. The result is 


f “Wiendr= f “Wulr) sin(kr)dr 


co f dr f dr’ W(r)u(r)G(r, 7’) W(r’) u(r’). 
0 0 
He divides both sides of this equation by the square 


of the expression (2.10), i.e., by tan*é. This gives, 
after rearrangement of terms, 


f “Witdr— f Q f “ar W(r)u(r)G(r, r') W(r’)u(r’) 





[i f “Wu sin (br)dr] 


-*| f “Woulr) sin(erdr] 


The right-hand side of this equation is equal to 
kcoté by formula (2.10). We therefore get the 
fundamental equation of the Schwinger theory: 


[ wowme-f af arwounce, r’)Wr')u(r’) 


(2.11) 





k coté= 


[a f “Wnun sin(kr)dr] 


Schwinger now observes that (2.11) can be con- 
sidered as a variation principle for k coté. In other 
words, the function u(r) which satisfies the integral 
Eq. (2.9), is precisely the function which makes the 
expression (2.11) stationary. Conversely the value 
of k coté computed from that function u(r) which 
makes (2.11) stationary will give the correct phase 
shift which satisfies (2.10). These statements can 
be verified directly. One merely has to replace the 
correct wave function u(r) by u(r)+éu(r), expand 
to terms linear in du(r), and observe that these 
terms vanish no matter, what form is assumed for 
du(r), merely as a result of the fact that u(r) 
satisfies (2.9) and (2.4). 

A useful corollary of the stationary property of 
the expression (2.11) is the fact that the error in 
k coté computed from (2.11) will be of the order of 
magnitude of the square of the error in the wave 
function. A qualification is necessary here. u(r) 





enters (2.11) only in the combination W/(r)u(r). 
Hence an error in u(r) is important only if it occurs 
within the range of nuclear forces. 

Another advantage of (2.11) is its homogeneity 
in u(r). Multiplication of u(r) by a constant factor 
does not change the variational expression for 
k coté. Hence we do not need to normalize the 
trial wave function. 

In addition, Schwinger is able to give an explicit 
method for improving the trial wave function 
systematically. Suppose we start with a trial func- 
tion u(r) not equal to the correct u(r). We substi- 
tute u(r) in place of u(r) into (2.11) to get an 
approximation k cotd. We can then use the integral 
equation to iterate the wave function, getting a 
better approximation u,(r) from uo(r). This gives 
an improved value of k coté:, which can be used to 
iterate again on the wave function, and so on. This 
method converges very rapidly if u(r) is chosen 
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properly. An example of this procedure is given in 
Section 7 of this paper. 

Unlike the usual variation principle for the 
energy which gives an upper bound for the energy 
of the ground state of a system,!® the variation 
principle (2.11) gives neither an upper nor a lower 
bound for k coté but rather a value close to k coté 
with an error whose direction we do not known, 
even though we can estimate its magnitude. 


The generalization of (2.11) for arbitrary orbital angular 
momenta, 10, and to include Coulomb forces is trivial. 
However, Schwinger has generalized the variational approach 
so that it is useful for a much wider range of problems. 
Examples are (1) the inclusion of spin-orbit coupling (tensor 
force),5 (2) improvement of the Born approximation at high 
energies,®!7 (3) a general discussion of the scattering matrix," 
of reciprocity theorems and conservation laws; the Heitler 
theory of radiation damping’® emerges as a particular case, 
in which certain terms are neglected, (4) the analysis of the 
effect of obstacles in wave guides” and of diffraction problems 
in optics,“ and (5) a discussion of boundary conditions in 
neutron diffusion problems. 

The analysis in the form given here is not applicable to 
nuclear reactions” where the “particles” which collide are 
highly complex, and where rearrangement of components to 
form reaction products of different kinds is possible. 


The preceding remarks are intended merely to 
sketch in some of the background of this particular 
application of the Schwinger formalism. It is hoped 
that Professor Schwinger will soon find the time to 
publish the general formalism in detail. 


Ill. THE SHAPE-INDEPENDENT APPROXIMATION 
FORMULA** 


It is the objective of the Schwinger method to 
obtain an approximation to the energy dependence 
of the phase shift in the simple form (1.3). In order 
to do this, Schwinger replaces the wave function 
u(r) in the variation principle (2.11) by a trial wave 
function u(r) which is the correct expression for 
u(r) at some particular value of the energy. It turns 
out that the wave function u(r) appropriate to 
zero energy is best adapted for our purposes. In 
other words, we replace u(r) which satisfies (2.2) 


16 See, for example, L. C. Pauling and E. B. Wilson, Intro- 
duction to Quantum Mechanics (McGraw-Hill Book Company, 
Inc., New York, 1935), Chapter VII. 

17J. Eisenstein and F. Rohrlich, unpublished theses, 
Harvard University. 

18 J. A. Wheeler, Phys. Rev. 52, 1107 (1937). W. Heisenberg, 
Zeits. f. Physik 120, 513, 673 (1943). C. Mgller, Kgl. Danske 
Vid. Sels. Math.-Fys. Medd. 23, No. 1 (1945). 

19W. Heitler and H. W. Peng, Proc. Camb. Phil. Soc. 38, 
296 (1942). J. M. Blatt, Phys. Rev. 72, 466 (1947). 

20 Waveguide Handbook, M.I.T. Radiation Laboratory 
cree (McGraw-Hill Book Company, Inc., New York, in 
press). . 

21H. Levine and J. Schwinger, Phys. Rev. 74, 958 (1948); 
74, 1212A (1948). 

2 See, however, the recent paper by W. Kohn, Phys. Rev. 
74, 1763 (1948). 

** The following derivation, except for a few trivial changes 
is reproduced from lecture notes on a course in nuclear physics 
given by Professor Schwinger at Harvard, Spring 1947. 
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by uo(r) which satisfies 
—@uo/dr? = W(r) uo. (3.1) 


One reason for this choice is the fact that (3.1) does 
not lead to an eigenvalue problem for the determi- 
nation of u(r). Indeed, once a form for W(r) is 
assumed, (3.1) can be integrated numerically 
without any difficulty. 

Another reason is the simple behavior of (7) 
outside the range of the forces. Equation (3.1) 
shows that outside the nuclear range, uo(r) behaves 
like a straight line. We shall write 


(3.2) 


for r>>b, b being the range of the nuclear force (we 
shall see later on how one can give an unambiguous 
definition of b). We observe that (3.2) is normalized 
in a certain way. This does not lead to any difficulty 
in practice. One merely integrates (3.1) numerically 
until 7>>d, and normalizes the straight line obtained 
there to the form (3.2). 

The constant a has a simple interpretation. We 
observe that wo(r)=0 when r-~a-!, provided a~ is 
large enough so that the asymptotic form (3.2) is 
valid there. a=a™ is therefore the Fermi" scattering 
length evaluated at zero energy. 

One might think at first sight that uo(r) is a very 
poor choice of a trial function for E0 since its 
general behavior differs radically from the oscil- 
lating form of the correct u(r) outside the nuclear 
well. We recall, however, that u(r) needs to 
approximate u(r) only for r<b since u(r) enters 
(2.11) only in the combination W(r)u(r). Inside 
the nuclear range, however, u(r) is a good approxi- 
mation to u(r), the difference being of order k?. 
Since the error in kcoté is of the order of the 
square of the error in the trial wave function, we 
conclude that our result for k coté will be accurate up 
to, but excluding, terms of order k* in an expansion 
in powers of k. In other words, we will get the first 
two terms of the series (1.3) correctly. ‘ 

The various reductions which will be made in 
this section to derive formula (1.4) amount to a 
replacement of V(r)uo(r), wherever it occurs, by 
(Eo—T)uo(r), T being the kinetic energy operator 
(E)=0 with our choice of the trial wave function). 
One then uses the fact that (Ey>—7)uo(r) =0 outside 
the range of the nuclear forces to split off the 
asymptotic behavior of the trial wave function. As 
a result of this procedure, the final formula (1.3) for 
k coté does not contain the. potential V(r) explicitly, 
only implicity in its effect upon the trial wave function 
uo(r). In particular,” the final result does not even 
depend upon the assumption of a potential of the 
usual type: 


uyo(r)—~1—ar 


Vu = V(r)u(r) (3.3) 


*8 This was observed by Breit for proton-proton scattering. 
G. Breit and W. G. Bouricius, Phys. Rev. 74, 1546L (1948). 
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but follows just as well from a more general 
potential operator 


Vu= f “Ver, r’)u(r’)dr’ (3.4) 


(the ‘“velocity-dependent force” of Wheeler™). Thus 
the form (1.4) is quite general and depends for its 
validity only upon these conditions: 

(1) The state of the nuclear two body system 
can be described by a wave function y. 

(2) The usual symmetries hold (i.e., the center- 
of-mass motion and the angular motion can be 
factored out of y). 

(3) The wave function satisfies a Schrédinger- 


type equation 
(T+V)y=Ey 


with V a very general operator, restricted only by 
the assumption of “‘short-range.’’ In this connection 
“short-range’’ merely means that the wave function 
approaches its asymptotic form rapidly enough so 
that the effective range (3.9) turns out to be finite. 

Since the final result is so general and does not 
involve the potential V(r) explicitly, one suspects 
that it can be derived in a simpler way, by elimi- 
nating V(r) at a much earlier point in the deriva- 
tion. This is indeed the case. Bethe® has succeeded 
in giving an alternative derivation which uses the 
three postulates above directly. The Bethe deriva- 
tion shows that the expansion for k coté is closely 
related to the orthogonality condition on the wave 
functions belonging to the same Hamiltonian 
operator but to different values of the energy. 

It is rather gratifying to see that a considerable 
amount of useful information can be derived on the 
basis of such general assumptions. On the other 
hand, some people may consider it disconcerting to 
find just how little the experiments really tell us 
unequivocally about the nature of nuclear forces. 

Since Bethe has given a simpler derivation of 
(1.4), we shall only give the bare outline of the 
reduction from (2.11) to (1.4). We define the func- 
tion g(r) by 


uo(r) =1—ar— g(r), all r. (3.5) 


(3.2) shows that g(r) is zero for r>b, while the 
boundary condition (2.3) on u(r) implies that 
g(0) =1. We also observe that —d?uo/dr? = +-d?g/dr’ 
= W(r)uo(r) from formula (2.1). We first treat the 
numerator of (2.11). We need the integral 


J(r)= f “Gtr, r') W(r')uo(r’)dr’ 
= f “Gtr, r’)d?g/dr'*dr’. 


24 J. A. Wheeler, Phys. Rev. 50, 643 (1936). 


A double integration by parts gives 
J(r) =cos(kr)+ f °G/dr’g(r’)dr’. 
0 


In the second term, we use (2.6) to eliminate 
(0°G/dr’?). J(r) then assumes the form 


J(r) =cos(kr) — g(r) -#f G(r,7r’)g(r’)dr’. 
0 
The numerator N of (2.11) is 


v= [ Wodutorar—f Weyl Tdr, 


N= f “@g/dr[ uot) — J) Wr. 


Using integrations by parts similar to the ones 
above, we get the result 


=—atk f [2g(r) cos(kr) — g(r) Jér 


-# ff emae, r’)g(r’)drdr’. (3.6) 


We can estimate the magnitude of these integrals 
as follows: g(r) is of order unity inside the nuclear 
range b, while it drops to zero rapidly for r>b. 
Hence the integral fo*g?(r)dr is of order b. In the 
other term of the single integral we expand cos(kr) 
in a power series. We can do this consistently since 
we are trying to get an expansion in powers of the 
energy k?. Every term in the power series leads to 
a term of form k** multiplied by an integral which 
is of order of magnitude 5?"-!, 

We recall that because of our choice of trial 
function our final expression for kcoté will be 
correct only up to, but not including, terms of order 
k*. We are therefore justified in replacing cos(kr) by 
unity in (3.6) and in neglecting the double integral 
(or order k*b*) altogether. 

Now consider the denominator of the variational 
expression (2.11). It is the square of the integral 


Di= J k— sin(kr) W(r)uo(r)dr 
0 
= k-1 f sin(kr)d*g/drdr. 
0 
Integration by parts yields 


Meitind f sin(kr)g(r)drz1 —k? f sable 
0 


0 
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Fic. 1. Resonance wave function uo (r). The potential 
V(r) is chosen to give a scattering resonance at zero energy 
(the scattering length a is infinite). 


We want D~ which, to order k? inclusive, is given by 


Doimi+28 f rg(r)dr. (3.7) 
0 


We now combine (3.6) and (3.7) to get the shape- 
_ independent approximation 


k coté= ND = —a+4rok? 
+(terms of order k*ro*) (3.8) 


where a is given by (3.2) and the “effective range’”’ 
ro is defined by 


r=? f [2¢(r) — g(r) —2are(r) dr, 
‘ (3.9) 


rea f[1—ar)t—ua(e) Mr 


IV. THE SPECIFICATION OF A NUCLEAR POTENTIAL 
BY AN INTRINSIC RANGE b AND A WELL-DEPTH 
PARAMETER s. THE RELATION BETWEEN THE 
INTRINSIC RANGE AND THE EFFECTIVE RANGE 


Formula (3.9) for the effective range enables us 
to give an unambiguous definition for the intrinsic 
range of a nuclear potential. Let V(r) be the potential 
in question. In general, the scattering length a“ 
will have some finite value. However, we can change 
the well depth (i.e., multiply V(r) by a constant) 
until the first resonance occurs at zero energy. 
The wave function for that case is illustrated in 
Fig. 1. We see that a=0, i.e., the scattering length 
a is infinite. The scattering cross section at zero 
energy is in general given by (see (2.8) and (2.5)) 


(4.1) 


When a becomes infinite, so does the scattering 
cross section oo. (This does not contradict the usual 
rule that ¢ must not exceed 4X? since X=k7-!= & 
at zero energy.) This explains the use of the term 
“‘resonance.”’ 


o9=4na’. . 
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Having adjusted the well depth in the way 
described, we shall call the potential V(r) for this 
resonance case V(r), and the wave function 
uo) (r). It is understood that the well depth chosen 
is the smallest one which will give a resonance at 
zero energy. Formula (3.9) then gives 


ro? =b= 2f ot —uo®)(r)? |dr. (4.2) 


No extraneous length (such as a~) enters into 
formula (4.2). Furthermore, the definition of uo 
depends only upon the shape and range of the 
potential V(r) since its depth has been adjusted. 
It is therefore reasonable to define b(4.2) to be the 
intrinsic range of the nuclear potential V(r). We 
remark that for a square well potential, the defini- 
tion (4.2) gives just the ordinary range of the 
square well. 

Having defined the intrinsic range of the well, 
we shall now introduce a well-depth parameter. 
We obtained V(r) from V(r) by multiplication 
by a constant, i.e., 


V(r) =sV®(r). (4.3) 


(4.3) defines the well-depth parameter s. s=1 if there 
is a resonance at zero energy; s <1 implies a virtual 
level, s>1 a real level of the two body system. 

We give the forms of various commonly assumed 
potentials in our notation. We will express V(r) in 
Mev and the intrinsic range b in units of 10-* cm. 
Then the square well, exponential well, Yukawa 
well, and Gaussian well are given by 


Square well (S) 


— V(r) =s(102.276)b-*, (r<b), 
=(, (r>b), (4.4S) 
Gaussian well (G) 


— V(r) =s(229.208)b-? 
, Xexp[ —2.0604(r/b)?], (4.4G) 


Exponential well (£) 
— V(r) =s(751.541)b— exp[ —3.54127/b], (4.4E) 
Yukawa well (Y) 


— V(r) =5(147.585)b-2(b/r) 
Xexp[ —2.1196r/b], 


where the bracketed numbers in each coefficient 
are in MevX10-* cm?. For the Yukawa well, the 
corresponding meson mass uy is given by 


(u/m.) =818.57/b, 


(4.4Y) 


where m, is the electron mass, and 0 is in 10-" cm. 
The corresponding expressions for W(r) are (in 
cm~ if b is measured in cm) 
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Square well 


W(r) =s(?/4)b-,  (r<b) 
=0, (r>b), (4.5S) 
Gaussian well 
W(r) =s(5.5296)b- exp[ — 2.0604(r/b)?], (4.5G) 
Exponential well 
W(r) =s(18.1308)b- exp[ —3.54127r/b],  (4.5E) 
Yukawa well 
W(r) =s(3.5605)b-?(b/r) 
Xexp[—2.1196r/b]. (4.5Y) 


In Fig. 2 we have plotted b?W(r) vs. (r/b) for these 
four wells with s=1. The wells in Fig. 2 give 
equivalent results in the shape-independent ap- 
proximation. 

We now discuss the dependence of the Schwinger 
parameters, a and 79, upon the well depths, s. Let 
us start with the well depth adjusted to give 
resonance, s=1 (see Fig. 1). Now increase s some- 
what. The curvature of the wave function will look 
as indicated in Fig. 3. We see that the scattering 
length is now positive. 

To a first approximation, g(r) is unchanged from 
its behavior at resonance, g(r). Formula (3.9) (in 
its first form, involving g(r)) then tells us that 7 
will be somewhat less than b. Indeed, 


rib—4a f rg®)(r)dr. (4.6) 
0 


The effective range decreases with increasing well 
depth. The order of magnitude of the decrease can 
be estimated easily. The integral (4.6) is estimated 
by putting g(r) =1—sin(ar/2b) for r<b, g(r) 
=0 for r>b. This is, of course, the correct function 
for a square well. Then (4.6) gives 


rob 1 —0.38(ad) J. (4.7) 


The numerical coefficient of (ab) will of course 
differ from well to well. For a long-tailed well, 
g(r) will extend farther out than r=b. Since 
g(r) is multiplied by r in the integral (4.6), we 
see that bigger values of r are weighted more 
heavily. Hence we conclude that the numerical 
coefficient in (4.7) will increase with the length of 
the well-tail. For a given value of (ab), the effective 
and intrinsic ranges will differ more the more ‘‘long- 
tailed” the well shape. We have remarked before 
that all well shapes give identical results for the 
scattering as far as the shape-independent formula 
(3.8) is concerned. This does not contradict the 
fact that the relation between the effective range 7 
and the intrinsic range b is different for different well 
shapes. The intrinsic range } is never observed 
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Fic. 2. Ordinate: 6b?W(r); Abscissa: r/b. The dimen- 
sionless representation of the nuclear potential 5?W(r) 
(=(—2mb?/h?) V(r)) is shown as a function of r/b for the 
square (S), Gaussian (G), exponential (EZ), and Yukawa (Y) 
well shapes for s=1 (scattering resonance at zero energy). 
These potential wells are essentially equivalent in the shape- 
independent approximation. The left-hand ordinate scale is to 
be used when r/b<1.1, the right-hand one when r/b>1.1. 


directly but must be inferred from the experimental 
values of 79 and a. Hence a given experimental 7 
leads to different intrinsic ranges b for various 
assumed well shapes, but we cannot infer anything 
about the well shape from an experimental knowl- 
edge of 7o. 

We conclude this section by giving the results of 
some calculations with various well shapes. The 
dependence of a@ and 7» upon the well depth is 
illustrated in Fig. 4 and Fig. 5 where the dimension- 
less quantities (ab) and (ro/b) have been plotted 
against the well-depth parameter s. As a supplement 
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Fic. 3. Wave function uo(r) for zero energy with the well 
depth adjusted to give a bound state (s>1). The scattering 
length a is finite and positive. 
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Fic. 4. Ordinate: ab; Abscissa: s. The ratio of the intrinsic 
range b of the potential well to the scattering length a (=a™) 
is shown for the square (S), Gaussian (G), exponential (£), 
and Yukawa (Y) well shapes as a function of the well-depth 
parameter s. s>1 means a well deep enough to allow a bound 
state; s<1 has only a virtual state. 


to Fig. 5, Table I contains interpolation formulas 
for (o/b) as a function of s for the various well 
shapes. The range of validity of these interpolation 
formulae can be inferred from the curves in Fig. 5. 

One can eliminate the well depth s between ab 
and 7o/b once a well shape (e.g., exponential) is 
assumed. This gives a plot of 7o/b vs. ab. In practice 
it is more useful to have b/ro plotted against (aro) 
since one determines a and 79 from the experiments 
and then wants to know the intrinsic range b 
which will give the best fit. Plots of (b/ro) us. (aro) 
are given in Fig. 6 for the various well shapes. 


V. THE SCATTERING MATRIX AND THE GROUND 
STATE OF THE DEUTERON 


We can use the shape-independent formula (3.8) 
to get an approximate expression for the energy of 
the bound state of the deuteron. The asymptotic 
behavior (2.4) of u(r) can be rewritten as 


u(r) ~er~ tr — Setkr (5.1) 


where S=exp(27é) is the matrix element Soo of the 
scattering matrix S,,. (The off-diagonal elements 
Siv, 1¥l’ vanish due to our neglect of tensor forces, 
while S;,=1 for 1/21 at low energies.) If we replace 
k in (5.1) by —7y (y real and positive) the first 
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term gives an exponentially decreasing contribution 
while the second term goes like exp(+vyr). Hence 
we get an acceptable wave function for a bound 
state of our two-body system if and only if S$ 
vanishes when k= —7y. We therefore obtain the 
condition for the energy E=—h?y?/2m of a bound 
State: 

S(—ty)=0, y>0. (5.2) 
Since S=exp(276), (5.2) can be rewritten as 
(5.2’) 
We now substitute (3.8) to get the approximate 
equation 


coté=—1 for k=-—vty. 


(5.3) 


If we neglect the range correction (i.e., put 
ro =0), this gives 


y¥Sat prov’. 


(5.4) 


(5.4) shows that a bound state of the two-body 
system can be expected if a is positive. If a is 
negative, there exists a “virtual level’? at the 
positive energy E-~h?a?/2m, but there cannot be a 
bound state very near to zero energy. 

For the triplet state, (5.4) tells us that the triplet 
scattering length a; is approximately equal to the 
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Fic. 5. Ordinate: ro/b; Abscissa: s. The ratio of the effective 
range fo to the intrinsic range b is shown as a function of the 
well-depth parameter s for the four well shapes. For a virtual 
state (s<1) 79>, while for a bound state (s>1) ro<b. The 
figure shows that the ratio of effective to intrinsic range for 
wells of the same depth s depends strongly upon the well 
a ro deviating from } more as the well gets more long- 
tailed. 
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TaBLE I. Interpolation formulae for the ratio ro/b of the 
effective range to the intrinsic range as a function of the 
well-depth parameter s for various well shapes. 








Shape ro/b 


ro/b =1 —0.500(s —1) +0.486(s —1)? —0.476(s —1)* 
+0.378(s —1)4 —0.158(s —1)5 


ro/b =1 —0.641 (s —1) +0.568(s —1)? —0.721(s —1)8 
+1.172(s —1)4—1.015(s —1)§ 


ro/b =1 —0.904(s —1) +0.745(s —1)? —0.543(s —1)8 
+0.174(s —1)4 


ro/b =1 —1.369(s —1) +1.093(s —1)?—1.127(s —1)8 
+1.005(s —1)4 —0.324(s —1)5 





Square well 
Gaussian well 
Exponential well 


Yukawa well 
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“radius of the deuteron” y~!=4.332X10-! cm.75 
In other words, the s scattering of neutrons by 
protons in the triplet state is approximately repre- 
sented by scattering from a hard sphere of the 
radius of the deuteron. 

There is no sense in solving (5.3) exactly since it 
is only an approximate expression for y. Instead 
we use (5.3) to iterate on y, starting with y=a as 
a first approximation. This gives 


(5.5) 


The terms of order ro’a* would not be given cor- 
rectly anyhow since the expression (3.8) for k coté 
is only correct up to, but not including, terms of 
order 7o°k*. 

Conversely, if we know the triplet scattering 
length a; and the binding energy of the deuteron 
experimentally, we can determine the triplet effec- 
tive range 7; from (5.3). This is actually the way r; 
is found (see Section VI). 


y=at4no?+ $rora?+terms of order (ro%a*). 


VI. COMPARISON OF THE SHAPE-INDEPENDENT 
THEORY WITH EXPERIMENT 


We have already pointed out that formula (3.8) 
represents the entire effect of the nuclear potential 
upon the scattering cross section by two constants, 
the Fermi scattering length (evaluated at zero 
energy) @=a™, and the effective range r. To the 
extent that the higher terms in the Schwinger 
expansion can be neglected, we get a simple closed 
formula for the cross section o as a function of the 
neutron energy E. 

o=4nrk~ sin*6 =42[(—at+$rk?)?+k*}. (6.1) 

We first give a qualitative discussion of (6.1) for 
the triplet and singlet scattering separately. For 
the triplet scattering, we can use the relation (5.3) 
to write 


o:=4n(R +77) [1 —yrtire(eet+y)}. (6.2) 


26 We use «=2.208+0.007 Mev as the binding energy of 
the deuteron. This value lies between the old value (2.185) 
and the value (2.237) reported recently by R. E. Bell and 
L. G. Elliot, Phys. Rev. 74, 1552 (1948). Reasons for using 
the value quoted are given in reference 6, 


To the extent that the term in 7? can be neg- 
lected, this gives Bethe’s’* first-order range cor- 
rection 

oS4n(1—yr) (e+). (6.2’) 


(6.2) is correct to terms in r? inclusive since the 
coefficient T in (1.3) is of order 7,?. Hence formula 
(6.2) is more accurate than (6.2’). On the other 
hand, (6.2’) is somewhat simpler in form, showing 
that the zero-range cross section 41r(k?+-?)— is 
approximately multiplied by an energy-independent 
factor (1—-r,)—'. The calculations in this paper and 
in reference 15 were based on formula (6.2) for 
the triplet state. 

In the singlet state, it is possible to introduce a 
“virtual level’’ with an energy E’=h?y’?/2m, vy’ 
being defined by (5.3) with the singlet state scat- 
tering length a, used in computing a. Since a,, and 
hence a,=a,—, is negative, y’ will be negative also. 
With this definition of y’, (6.2) can be used for the 
singlet state. 

This is not very convenient, however since (unlike 
the triplet state) the quantity y’ itself depends 
upon the effective range one assumes. To see the 
nature of the result, it is better to use (6.1) directly. 
We observe that the singlet scattering has a (very 
broad) resonance rather near to zero energy. In 
terms of formula (6.1) this means that a, is small 
compared to & for energies above the energy of the 
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Fic. 6. Ordinate: b/ro; Abscissa: aro. The ratio (intrinsic 
range/effective range) is shown as a function of (effective 
range/scattering length) for the four well shapes. The values 
of a(=a™) and ro can in principle be inferred from experiment. 
Knowledge of a and fo then allows determination of the 
intrinsic range b for any assumed shape of the potential well. 


26H. Bethe and R. Bacher, Rev. Mod. Phys. 8, 119 (1936). 
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virtual level. Hence it is useful to write (6.1) in the 
form (k=k-!=de Broglie wave-length/27). 


o,=4nrk?[1+(ar)?—(ar)+3r7k? }-1. 


To interpret this formula, we notice first that 
setting a =0 (resonance exactly at zero energy) gives 


o=4nN(1 +1} S4eN— or. (6.3’) 


In words: under the assumption of a resonance 
exactly at zero energy, the cross section is approxi- 
mately given by the maximum possible one, 473’, 
minus the area of a circle of radius 7. 

This, however, is not a good approximation for 
the physical situation. Between 2 and 4 Mev one 
gets a better (but still very rough) estimate by 
neglecting both (ak)? and }7r*k?, i.e., by using 


o.4rrx*[1—a,r, J. (6.3’’) 


This shows that o, is depressed (a,<0!) below its 
maximum possible value 47x? by roughly a constant 
factor in this energy region. We would like to 
emphasize that (6.3’’) is not nearly as good an 
approximation to (6.3) as the Bethe expression 
(6.2’) is to (6.2). 

Some representative values for the contribution 
of the singlet and triplet scattering to the total 
scattering cross section 


(6.3) 


o=}o,+ 20; (6.4) 
are given in Table II for the special assumption 
r,=1.56X10-" cm, and the values of 7, ranging 
from 0 to 3X10-" cm. a, was adjusted to give 
20.36 barns for the cross section at zero energy (see 
later on for the origin of these numbers). We see 
from Table II that $c, predominates for low ener- 
gies, becomes equal to 2c; around 1.5 Mev, and is 
smaller than $0, from then on. The percentage 
change in 30, between 7,=0 and 7,=3X10-" cm 
is ~10 percent at } Mev and ~20 percent at 
5 Mev (it is of course 0 at epithermal energies). 
The resulting percentage change in the total cross 
section o, (6.4), is however practically constant 
with energy, being ~6 percent all the way from 
3 Mev to 5 Mev. 

Conversely, we see from Table II that a cross 
section measurement accurate to +1 percent will 
determine 7, to ~+0.5X10-" cm if the effective 
beam energy is known. An error of +1 percent in 
the effective energy of the beam will lead to an 
error of about +0.310-" cm in r,. Both these 
estimates are practically independent of energy 
between 0.5 and 5 Mev. Nevertheless it is advisable 
not to go to energies much beyond 3-4 Mev since 
the shape-independent approximation itself be- 
comes worse at the higher energies. One percent 
accuracy in the cross section and in the effective 
beam energy is probably within the limits of present 
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technique. The present data available at this time,” 
however, are not that accurate. 

We just saw that measurements of accuracy 
+1 percent anywhere between 0.5 and 4 Mev will 
determine the singlet effective range to within 
+0.8X10-" cm provided the triplet effective range is 
known exactly. The results of reference 15 (Fig. 2 
there) show that an uncertainty of as little as 
+0.110-% cm in 7 implies an uncertainty of 
about +0.7 X10-" cm in f,. 

Since the value of the triplet effective range 7; is 
so important for this analysis, we briefly recapitu- 
late the factors entering into its determination. 
They are (1) the epithermal cross section 


oo = 3(4ra,?) +3 (4ra,”), 
and (2) the coherent scattering amplitude 
f=2(#a:+4a,). (6.6) 


(6.5) and (6.6) determine a,, and a, together with 
the binding energy determines 7; through (5.3). 

The best value of a9 comes from neutron velocity 
spectrometer measurements.” It is 


oo = (20.36+0.10) barns. (6.7) 


This value differs from the value used in reference 
15. This changes the resulting estimate of r; in the 
upward direction. 

The coherent scattering amplitude f can be 
determined in two independent ways: scattering of 
neutrons from parahydrogen, and scattering of 
neutrons from crystals containing hydrogen atoms. 
The present values are?® *° 


= — (3.95+0.12) X10-" cm (parahydrogen), 
f=—(3.96+0.20) X10-" cm (crystals). 


The perfect agreement is rather gratifying, even 
though probably somewhat accidental. The sta- 
tistical error is smaller on the parahydrogen meas- 
urement; on the other hand, the systematic error 
of this measurement (unknown admixture of ortho- 
hydrogen) could be quite large. Since this particular 
systematic error does not influence the crystal 
measurement, and since the two measurements of f 
agree, it is reasonable to assume that the para- 
hydrogen determination does not in fact have a 
large systematic error concealed in it. 

In reference 15 these data were shown graphically 
on a plot of (—f) vs. oo (Fig. 3). This is done here 
in Fig. 7 with the presently accepted values (6.7) 


(6.5) 


(6.8) 


27C. D. Bailey, W. E. Bennett, T. Bergstralh; R. C. 
Nucholls, H. T. Richards, and J. H. Williams, Phys. Rev. 70, 
583 (1946); D. Frisch, Phys. Rev. 70, 589 (1946). 

28 W. B. Jones, Jr., Phys. Rev. 74, 364 (1948). E. Melkonian, 


L. J. Rainwater, and W. W. Havens, Jr., Phys. Rev. 75, 
1295A (1949). 

29R. B. Sutton ef al., Phys. Rev. 72, 1147 (1947). 

30C. G. Shull, E. O. Wollan, G. A. Morton, and W. L. 


Davidson, Phys. Rev. 73, 842 (1948). 
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and (6.8) as well as the new value of the binding 
energy of the deuteron.*®> We see that the data 
give the following estimate for r; 


r,=1.56+0.13 X10-" cm (preferred) 


1.2<r:<1.9X10- (outer limit). (6.9) 


The “preferred” value corresponds to the quoted 
experimenta! errors. The “outer limits’’ were ob- 
tained by using three times the quoted errors. 

The analysis of the incoherent scattering data by 
the use of two linear plots, the “‘singlet plot” and 
“triplet plot,” was discussed in reference 15. The 
results were summarized in Fig. 2 of that reference. 
We do not reproduce that figure here for the follow- 
ing reason: it seems possible that the energy of the 
beam was systematically overestimated by an 
amount which is not known.* If that were true, 
the necessary correction would yield a larger value 
of the singlet effective range (for any given triplet 
effective range) than that predicted by Fig. 2 in 
reference 15. This can be seen most easily from an 
ordinary plot of cross section vs. energy. In Fig. 8 
we have plotted the experimental cross sections 
with their errors. Also drawn there are theoretical 
curves taken from Table II (i.e., with r;=1.56 
X10-% cm). 

Figure 8 shows that the experimental points are 
fitted best by a value of r, between 0 and 1x10-" 
cm and that r,~3X10-* cm is not a good fit, in 
contradiction to the assumption of charge inde- 
pendence of nuclear forces.* (This lack of agree- 
ment would have been a little more pronounced had 
we used the old value of the epithermal cross section 
which led to a shorter triplet range.) On the other 
hand, suppose that the effective energy of the beam 
had been overestimated systematically. The cor- 
rection for that error would shift all the experi- 
mental points to the left on the figure, towards 
larger singlet ranges. 

The present situation can therefore be summar- 
ized as follows: 


(1) It may not be possible to obtain an excellent fit to all 
the present low energy data on the neutron-proton system by 
a singlet n-p range as long as the (singlet) range of the proton- 
proton force (~2.6 X 10—8 cm).? 

(2) It is however quite possible to use the known experi- 
mental errors to get agreement with such a long singlet range. 

(3) In addition, the fast neutron cross-section measurements 
may contain a systematic error of unknown size but in a 
direction which would lead us to underestimate the true 
singlet range. 


The fast neutron scattering experiments are now 
being repeated with improved technique. It seems 


31D. Frisch, private communication. 

#2 G. Breit, H. M. Thaxton, and L. Eisenbud, Phys. Rev. 
55, 1018 (1939); G. Breit and J. R. Stehn, Phys. Rev. 52, 
396 (1937). 

% J. H. Williams, private communication. 
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_ Taste II. The total neutron-proton scattering cross section 
1S 

o=jo:+ie,, 
where 


peas 8B Rtg it 
o,=4nrLk?+(—1/a,+4r,k*)? | 

in the shape-independent approximation. The values of a; and 
a, were determined from the experimental values of oo* and 
f** while the value of r:=1.56X10-" cm was determined 
from the values of oo and f, and the binding energy of the 
deuteron*** (see Fig. 7). 


k? = 1.206 X10*E(Mev) cm~. 








4 os (in 10-*% cm?) 

re=1 r,=2 rs=3 

X10-8 X10-8 X<10-8 
cm cm cm 


17.73 17.73 
4.35 4.21 
3.16 3.04 

2.37 





17.73 
4.50 
3.27 
2.57 
1.80 
1.38 
0.95 
0.72 
0.58 
0.48 
0.41 
0.36 
0.29 


17.73 
4.64 
3.39 
2.67 
1.87 
1.44 
0.99 
0.75 
0.61 
0.51 
0.44 
0.38 
0.31 
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* See reference 28. 
** See references 29 and 30. 
*** See reference 25. 


reasonable to us, therefore, to wait until the new 
data are available for analysis. 

In view of the fact that a small error in r; implies 
a large error in the resulting estimate for 7,, we 
would like to recommend a careful redetermination 
of the coherent scattering length f by means of 
neutron scattering in parahydrogen. Figure 7 shows 
that the present uncertainty in r; is mostly due to 
the uncertainty in f. If the statistical error in f 
were cut by a factor of 2 and if in addition proper 
precautions were taken to avoid systematic errors, 
we would know 7; to +0.07 X10-" cm rather than 
the present +0.13X10-" cm. An uncertainty of 
+0.07 X10-" cm in 7; would imply an uncertainty 
of only about +0.4X10-" cm in the effective 
singlet range 7;. Since the likely errors of the fast 
neutron cross-section measurements will give this 
kind of uncertainty also, with present techniques 
it does not seem useful to us to push the measure- 
ment of f much beyond twice its present accuracy. 
It appears very much worth while, however, to push 
it that far. The use of the magnetic resonance 
absorption method of Purcell e¢ a/.** to monitor the 
admixture of orthohydrogen while the experiment 
is in progress would eliminate the major source of 
systematic error. 


34E. M. Purcell, R. V. Pound, and N. Bloembergen, Phys. 
Rev. 70, 986L (1946). 
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VII. THE THIRD TERM IN THE EXPANSION FOR k cotd 


We saw in Section 3 that the trial wave function 
uo is not accurate enough to get the terms of order 
k* or higher correctly in the expansion for & coté. 
The variational principle tells us that if we wish to 
get the expansion exact to terms in k* (and also k°) 
we must have our trial wave function correct to 
terms in k? inclusive. There are alternative ways of 
proceeding towards this goal, but before indicating 
the actual methods used to find the improved trial 
wave function, it is better to examine the extension 
of the expansion for k coté under the assumption 
that we know the trial function correctly to terms 
of order k? inclusive. We write the correct wave 
function “(r) as an expansion in k?, 


u(r) = uo(r) +Rv(r) +higher terms, 


where u(r) satisfies (2.2), and uo(r) satisfies (3.1). 
- We assume that by some means or other we have 
determined v(7r) to terms independent of k*. To 
find kcoté correct to terms to k® inclusive, we 
substitute (7.1) without the higher terms into the 
variational principle (2.11). We expand the numer- 
ator and denominator in powers of k?. We can 
keep terms up to &® inclusive, but we have restricted 
ourselves to terms up to k‘ inclusive since the 
numerical work involved in computing the coeffi- 


o ae 


34 
196 198 200 20.2 204 206 208 210 


Fic. 7. Ordinate: (—f); Abscissa: oo. The experimental 
values (see references 29 and 30) of the coherent scattering 
amplitude f =2(3a,;+ 4a.) are plotted against the experimental 
value (see reference 28) of the epithermal incoherent scattering 
cross section op=42(3a?+}a,?). Curves of constant 7; are 
supe . The experimental values of f and oo imply 
1.2X10-8 cm<r:;<1.9X10-% cm as outer limits, r;= (1.56 
+0.13) X10-" cm as most probable. Note in proof: Ordinate 
label on figure is incorrect. Quantity plotted is (—/f). 
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cient of k* as a function of s (i.e., of the well depth) 
is already quite large. Furthermore, it turns out 
that the k* term exerts a small effect for energies 
less than 6 Mev, so that it is reasonable to assume 
that the k* term can safely be neglected for the 
same energy interval. 

In writing down the result it helps to define the 
function 

w(r) =g(r) —W(r)v(r). (7.2) 

We then get 


k coté= —a+4rok?9—Tkt+--- (7.3) 


where 7p is given by (3.9) (this must be so since 
(3.8) was already correct to that order) and where 
the coefficient T is: 


T= f ‘ f \elteicadle™iaae _ f “WOrdar 


os f “rlre—ryw(¢)dr— (1/3)a f “Pw(Ndr 


a f “re(r)ar] (7.4) 


The coefficient T has the dimensions of a volume. 
We can therefore write T in two alternative forms 
with non-dimensional coefficients P, P*: 


T = Pre =P*b*. (7.5) 


We remark here that a similar expansion of the 
phase shift (actually sin?6) and cross section for the 
case of a square well has been made by Kittel and 
Breit.*> Their method of expansion is somewhat 
different from ours since they solve the boundary 
value problem directly and then expand the result- 
ing relation for sin?é. In the energy region where 
(7.3) is a good approximation to k coté (for energies 
less than 10 Mev), their results and ours for the 
square well are equivalent. 

We now turn to the problem of determining v(r) 
in the expansion (7.1). The first method -which 
suggests itself is that of modifying the integral 
Eq. (2.9) in order to,get an iteration method for 
improving the wave tunction. To do this, we use 
(2.10) to write the coefficient (=unity) of sin(kr) 
in (2.9) as 


1 =(k coté)k~ f dr’ sin(kr’) W(r’)u(r’). 
0 
The integral Eq. (2.9) then assumes the form 
a= f G*(r, ’)Wr)u(r’)dr’, (7.6) 
0 


36 G, Breit and C. Kittel, Phys. Rev. 56, 744 (1939). 
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where the kernel G*(r, 7’) is given by 


G*(r, r') =(k coté) (sin(kr)/k) 
X(sin(kr’)/k)+G(r, 7’). (7.7) 


We observe that (7.6) and (7.7) insure that u(r) 
has the correct asymptotic form for large values of 
r, as well as that u(0) =0. 

We use (7.6) as the basis of an iteration method 
in the following way. We start with a trial function 
uo and compute k coté=k coté» from the variational 
expression (2.11). We then insert this value of 
k cotéy into the Green’s function (7.7) and compute 
a better trial function u(r) from (7.6). From then 
on the process is repeated until sufficient accuracy 
is obtained for the purpose one has in mind. The 
improvement of the wave function afforded by each 
step of this method is considerable. However, the 
wave function cannot be said to be correct to one 
order higher in k? after each step of the iteration. 
The results obtained by means of this method are 
such that the first two coefficients of the power 
series (1.3) for kcoté will be exact (since they 
depend only on u), while succeeding coefficients 
will be only approximately correct (their correctness 
depending on the goodness of the iterated wave 
function). The numbers obtained for the coefficient 
of k* in what follows were obtained by the above 
iteration method. An estimate of the resultant error 
in T will be given later. 

An alternative method of finding an improved 
wave function, correct to terms in k? inclusive, is to 
substitute (7.1) directly into the differential Eq. 
(2.2). This leads to the following differential equa- 
tion for v(r) : 


—dv/dr?— W(r)v(r) =u9=1—ar—g(r). (7.8) 


v(r) must vanish at r=0, by (2.3). It is not necessary 
to impose another boundary condition on the 
solution of (7.8) since a constant multiple of u(r) 
added to v(r) in (7.1) does not influence the final 
result for k coté. This can be seen from the fact 
that, to order k? inclusive (8 =constant) : 


uo R?(v-+Buo) +++ =(1+K8)(wo+k+-++) (7.9) 


so that the addition of Bu» to v in (7.1) merely 
amounts to a change of normalization of the trial 
wave function in the variation principle. The 
variation principle (2.11) is invariant under such a 
change of normalization. 

It turns out that (7.8), in addition to yielding the 
exact iterate v(r), also makes it possible to simplify 
the expression (7.4) for T. In particular it makes it 
possible to get rid of the double integral which is 
rather tedious to compute. On the other hand, the 
iteration method based upon the integral Eq. (7.6) 
proceeds entirely by quadratures, whereas the 
iteration method (7.8) involves the solution of a 
second-order differential equation. From a compu- 
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tational point of view the work involved in the two 
methods of iteration is substantially the same. 
We might add that the Bethe derivation of the 
Schwinger formula leads directly to the result 
obtained with the (exact) differential equation 
iteration method (7.8). 

For completeness’s sake we write down the 
expression for v(r) obtained by the integral equation 
iteration method (7.6). It is 


v(r)=4r(ro—r) + (1/6)ar?+ (ar) f r'g(r’)dr’ 


— freewryar (7.10) 


This approximate expression for v(r) is compared 
with the exact function in Fig. 9 for the case of a 
square well. In accordance with (7.9), a multiple of 
uo(r) was added to (7.10) to make the comparison 
meaningful. The dot-dashed curve was adjusted to 
have the same asymptotic behavior (for r>b) as the 
exact u(r), while the dashed curve was adjusted to 
give the best fit in the region of interest (i.e., within 
the range of the nuclear forces). One sees that the 
general form of the curves is the same, and that the 
numerical agreement is fairly good. More important 
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Fic. 8. Ordinate: «; Abscissa: E. The total incoherent 
scattering cross section o is shown as a function of E(Mev) 
for r:=1.56X10- cm, and r,=0, 1, 2, 3X10-% cm. The 
experimental measurements (see reference 27) with their 
uncertainties are also indicated. The experimental points are 
compatible with r;= 1.56 X10-" cm, 7,0 or 1X10~" cm. 
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Fic. 9. Ordinate: v(r) ; Abscissa: r/b. 
ne approximate and exact expressions 
for v(r) are compared for a typical case 
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with a square well potential. v(r) is the 
coefficient of k* in an expansion of the 
wave function u(r) in powers of 
k® (u(r) =uo(r) +k(r) +--+]. v(7) oc- 





curs in the evaluation of the coefficient 
T in k coté( = —1/a+ 4rok?—Tk'*+---). 
v(r) is small in magnitude compared to 





unity, and in addition the approximate 
and exact forms agree rather well [see 
text after formula (7.10) ]. 









































still, we notice that v(r) is numerically small com- 
pared to g(v) (which is unity at the origin). Since 
w(r) =g(r)— W(r)v(r) is the important quantity in 
evaluating 7, and W(r) is of order unity, the 
smallness of v(7) relative to g(r) insures that the 
values of T computed with the approximate (r) 
will agree closely with the exact values of T. (See 
later.) 

' We now return to Eq. (7.3) for k coté, to terms 
in k4 inclusive, to examine the significance of the 
coefficient 7. The term Tk* in the expansion of 
k coté gives the first indication of a shape for the well. 
For example, 7 is negative for a square well, 
positive for a Yukawa well. Conversely, two wells 
with the same values of a, 79, and T are indistin- 
guishable within the accuracy of formula (7.3) (and 
this means indistinguishable with the present 
experimental data). 

We shall assume that a and 79 have been deter- 
mined from the experimental data. The dimension- 
less coefficient P = Tro~* can be written as a function 
of the measured dimensionless quantity (aro). We 
then conclude that two wells with the same value of 
P for the measured value of (aro) are indistinguishable 
as to shape within the accuracy of this analysis. 
Curves of P vs. (aro) are given in Fig. 10 for the 
four usual well shapes. We see that the four usual 
well shapes can be distinguished from one another 
if P is known to sufficient accuracy. 

In order to understand the coefficient T a little 
better, and to give an estimate of the error of the 
integral equation iteration method, the following 
calculation has been performed. We start with a 
square well W(r) of range 6 and depth adjusted to 
resonance (s=1). We then add a lump of potential 
e/b5(r—r’) at the position r’>b; the dimensionless 
constant ¢ is considered small. This change has 
several results: (1) the effective well depth is 
deeper; (2) the intrinsic range is longer; (3) the 
coefficient T is changed. 


We now decrease the depth of the square well by 
an amount of order ¢ until we are again at resonance. 
We shrink the scale of length until the intrinsic 
range is again equal to b. We then have a modified 
well which is identical with the original square 
well up to terms of order k? inclusive; i.e., the 
modified well has the same scattering length 
(a=a-!= ©) and the same effective range (which 
in this case just equals the intrinsic range) as the 
original square well. It is then reasonable to ask 
for the change in the well shape parameter P = T/0'. 
(P=P* since b=79 here.) The calculation is very 
tedious but elementary. The result is, to terms of 
order e 


P = —0.03271+«Pi(r’), 
P,(r’) = —0.0398 —0.1018x+0.2494x? 
+3e+3x4, (7.11) 


where x= (r’—b)/b. (7.11) was obtained by the use 
of the integral equation iteration method (7.6). If 
one uses the exact iteration method (7.8), (7.11) 
is replaced by 


P=-—0.03267+€Pi'(r’), 
P,'(r’) = —0.0397 —0.1013x+0.2500x? 
+3x°+ 3x4. (7.12) 


We see that (7.11) and (7.12) differ for the square 
well (e=0) by less than } percent. Furthermore, 
the polynomials P,(r’) and P,'(r’) have the same 
coefficients within 4 percent, the coefficients of x4 
and x? being actually identical. A similar statement 
is true if the extra lump of potential is added inside 
the square well (i.e., if r’<b). (The corresponding 
expressions are more complicated and will not be 
written down here.) We conclude that the values of 
P (and hence of T) obtained by the integral equation 
iteration method (7.6) are accurate to better than 1 
percent for all reasonable well shapes. Considering 
the fact that the values of T turn out to be too 
small for an experimental determination to be 
possible, we feel that this accuracy is altogether 
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adequate. An exact differential equation iteration 
method (analogous to (7.8)) will be used in the 
paper on proton-proton scattering. 

Returning now to the discussion of the result 
(7.11), we see that the effect of a little lump of 
attractive potential on the well-shape parameter P 
depends upon the position of this extra potential. 
If r’ is just a little larger than b, b<r’<1.4b, the 
extra potential will give a very slight megative 
contribution to P. On the other hand, a little lump 
of attractive potential placed anywhere farther out, 
at any r’>1.40, will give a positive contribution to 
P. For r>1.46, the effect of the extra potential on 
the well-shape parameter increases very rapidly 
with 7’, eventually going like e/3[(r’ —b)/b ]*. Some 
numbers are given in Table III. It is seen that P; 
increases by an order of magnitude between r’ = 2b 
and r’=3b and by another order of magnitude 
between the latter value of r’ and r’ =5bd. 

In spite of the large values of P:(r’) for large x, 
the overall value of P is quite small for most 
reasonable wells. This is due to the fact that the 
commonly assumed forms for the well-shape simply 
don’t have much of a tail. For example, an order- 
of-magnitude calculation using Table III shows 
that values of r>56 don’t contribute any significant 
amount to the P of a Yukawa well; for this well 
shape the main contribution occurs between r= 25 
and r= 3b. 

We mentioned before that we have also computed 
the effect of a little lump of attractive potential 
added inside the range of the square well. The 
resulting formula is rather long, so we merely show 
the result graphically in Fig. 11. For r’<b, P,(r’) 
decreases in absolute value, reaches zero at r’=0.5b, 
and then stays positive down to r’=0. For r’<b, 
P’(r') is proportional to (r’/b)?. This shows that 
for well shapes which stay finite at the origin (e.g., 
the exponential well) the main contribution to P 
comes from the tail. Even for well shapes singular 
at the origin (e.g., the Yukawa well), the region 


TABLE III. A small extra lump of potential at a point r’>6 
AW=—2m/h?(AV) = (€/b)8(r—r’) 
is added to a square well of range b and depth adjusted to 


resonance at zero energy. The table gives the effect upon the 
well shape parameter P: P = —0.0327+€P,(r’). 








”/b x =(r’ —b)/b Pi(r’) 


3 





0.040 
0.045 
0.011 
0.176 
0.516 
1.108 
4.31 
11.42 
24.7 
46.9 
81.3 
131.5 
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Fic. 10. Ordinate: P, Abscissa: aro. The coefficient P = Tro-3 
of the k* term in the expansion of k coté(=—1/a+$4rok? 
— Pr k*+---) is shown as a function of aro for the four well 
shapes. The coefficient P is the first indication of well shape 
in the expansion of k coté. P lies between +0.16 and —0.05 
for the well shapes treated and the range of af covered. 
With present experimental data, |P|<0.1—0.2 is indistin- 
guishable from P=0 for the nuclear ranges in question. 


near the origin does not give a large contribution 
to P. The contribution from the “tail’’ (i.e., the 
main effect) is positive for an attractive potential. 
We conclude that for all ordinary attractive po- 
tentials P is not likely to fall much below its 
square-well value (~ —0.04). We do not know the 
shape-parameter for ‘‘velocity-dependent’”’ forces, 
but it can be computed with our formalism. Since 
the computation would be quite laborious, we did 
not undertake to carry it through. It should be 
pointed out that the considerations of the additional 
lump of potential should be viewed as a qualitative 
argument only and cannot be expected to yield 
anything but order-of-magnitude values for the 
effects of the tail of a nuclear potential. 

The coefficients P and P* are dimensionless 
quantities. They depend upon the well depth, of 
course. We can plot the dimensionless quantity P 
(or P*) against the dimensionless well-depth pa- 
rameter s. Such a plot is given in Fig. 12 for the 
square well, The Gaussian well, the exponential well 
and the Yukawa well. 

The striking feature of these numerical results 
is the small value of the coefficient P. P lies between 
—0.05 and +0.15 for the wells calculated so far 
provided we restrict ourselves to reasonable values 
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Fic. 11. Ordinate: P(r’); Abscissa: r’/b. The dependence of 
the addition ¢«P;(r’) to the well shape parameter P[ = —0.327 
+eP;(r’)] caused by a small extra lump of potential AV 
= — (h?/2mb)«5(r—r’) added to a square well of range b and 
depth adjusted to resonance at zero energy is shown as 
function of the position r’ of the added lump. Table III gives 
values of P;(r’) for r'>b. The magnitude of P;(r’) is greater 
for r’>b than for r’<b and increases rapidly when r’>d. 
Any potential shape with a “‘tail” will have a value of P more 
positive than a square well (assuming the potential is attrac- 
tive at all distances); the value of P will be more positive, 
the longer the “‘tail’’ of the potential. 


of the range. The present experimental data are 
such that values of P less than 0.1 or 0.2 simply 
cannot be distinguished from P=0 for the nuclear 
ranges in question. 

As an illustration of this point, we have plotted 
in Fig. 13 the triplet part of the -p cross section, 
i.e., $0,, against energy for the square and Yukawa 
wells under the assumption that a;=5.220X10-" 
cm, exactly. These wells were chosen since they 
have the extreme values of P (see Fig. 12), and 
hence indicate extremes in well shape for the four 
conventional shapes. It is seen that an accuracy of 
1 percent in the -p cross section as a whole is not 
sufficient to resolve the difference even if we assume 
that the singlet part of the cross section is known 
exactly and does not introduce any uncertainty 
(which is a very unreasonable assumption, of 
course). 

We might be tempted to conclude forthwith 
that the assumption P=0 made in reference 8 (i.e., 
the shape-independent approximation) is valid. 
However, this conclusion is premature. It is just 
barely possible that the presence of the tensor force 
will lead to a significant change in the order of 
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magnitude of P. We do not think so, but we do 
not have any proof at this time. 


VII. THE GROUND STATE OF THE DEUTERON 


We now proceed to discuss the modifications 
which our present more accurate expression for 
kcoté introduces into the determination of the 
ground state energy of the deuteron. The argument 
of Section 5 which led to formula (5.2) is unchanged. 
However, we now substitute the result (7.3) to get 


y=atiny’t+Ty'. (8.1) 


We can again solve this by successive approxima- 
tions, getting 


vy =oaL1+3(aro) +3(arc)?+(P+3)(aro)® 
+(3P+$)(aro)*+---]. (8.2) 


Since this formula is accurate to order (aro)! 
only, we replace P as a function of (aro) (see Fig. 10) 
by the linear approximation afforded by the first 
two terms of a Taylor’s expansion around aro=0. 
These linear approximations are collected in Table 
IV for the well shapes which have been treated 
numerically so far. 

The relation (8.2) enables us, in the case of the 
triplet state, to convert the dimensionless figures 
of Section 2 into dimensional plots. For any given 
well shape we get four relations between the five 
quantities, s, b, a;:. 7:, and 7; (the first two are the 
well parameters, the latter three are variational 
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Fic. 12. Ordinate: P; Abscissa: s. The coefficient P is shown 
as a function of the well depth parameter s for the four well 


shapes. 
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TABLE IV. Linear approximation for P as a function of (aro) 
for various well shapes. 








P=P(0)+P’(0)(are)+--- 


— 0.0327 —0.0184(aro) 
— 0.0183 —0.0060(aro) 
+0.0119+0.0190(aro) 
+0.0648 +0.0942 (aro) 


Shape 


Square well 
Gaussian well 
Exponential well 
Yukawa well 











parameters) so that only one of them can be varied 
independently. 

There are various ways of showing the results 
graphically. We have decided upon two kinds of 
graphs: (1) the intrinsic range }; in the triplet state 
vs. the triplet scattering length a; for the various 
wells; the values of 7; are indicated parametrically 
on each curve; (2) the well depth parameter s for 
the triplet well as a function of the intrinsic range 
b for the various well shapes; again 7; is indicated 
parametrically along the curves. 

These graphs are ased as follows: the experi- 
mentally known 4@; is used to find the corresponding 
intrinsic range b for whatever well shape is assumed 
(type 1 plot). Then the well depth s implied by this 
value of the intrinsic range (and the binding energy 
of the deuteron) is found from the type 2 plot. 
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Fic. 13. Ordinate: 30,; Abscissa: k?, E. The triplet part of 
the incoherent scattering cross section is shown as a function 
of energy for the two extremes in well shapes treated, the 
square and the Yukawa wells. The expansion k coté= —1/a; 
+4r.k? —Pr®kt+--- was used to evaluate o:( = (42/k?) sin?5) 
with the value of a; determined from Fig. 7 (a,=5.22 107% 
cm). The smallness of the difference in cross section (only 
about 0.01 barns at 4 Mev) is due to the smallness of the 
coefficients Pr,*. It implies that in order to determine anything 
about the potential shape from incoherent scattering data the 
experiments of 2-6 Mev must be accurate to much better than 
one percent, assuming that the singlet cross section is known 
exactly (a very unreasonable assumption). 
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Fic. 14. Ordinate: b,; Abscissa: a;. The intrinsic range in the 
triplet state b; is shown versus the triplet scattering length a, 
for the four well shapes. The values of the triplet effective range 
r: for each well shape are indicated parametrically along the 
curves. The experimental value of a; (from Fig. 7) is shown. 
The value of the effective range r; consistent with this a; is 
about the same for all four well shapes; r>~1.5—1.610—% 
cm. The “best” intrinsic ranges can be read off the figure. 


The effective range r; in the triplet state can be 
read off from either plot. 

Plots of type (1) and (2) are shown as Figs. 14 
and 15 respectively. We have indicated on Fig. 14 
the present experimental value of a; with an esti- 
mate of error. This value comes from measurements 
of the incoherent and coherent n-p cross sections at 
epithermal energies.?*-*° It is seen that the effective 
range 7; implied by this value at a; lies within the 
limits (6.9) for all the well shapes considered. The 
fact that we get nearly the same 7; for all well 
shapes is a consequence of the smallness of the 
coefficient P for these wells. The residual amount 
of variation of 7; with different well shapes for the 
same experimental a, indicates the effect of P. 

One can also look at formula (8.1) from a 
different point of view. We know y from the binding 
energy of the deuteron, and we know the triplet 
state a=a; from the cross section (coherent and 
incoherent) near zero energy. We then see that 
(8.1) gives us a linear relation between r; and T;. 
This linear relation is illustrated in Fig. 16 for some 
representative values of a (y is known with 
sufficient accuracy so that the error due to it can be 
neglected). Also shown on Fig. 16 are curves of 
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Fic. 15. Ordinate: s; Abscissa: b. The well depth parameter 
S is given as a function of the intrinsic range 6 for the four 
well shapes. Values of the triplet effective range r, are indi- 
cated parametrically along each curve. 


constant P. We recall that for the wells calculated 
so far, P lies between —0.04 and +0.15 for the 
region of (afo) involved here. Furthermore, P is 
positive for the, exponential and Yukawa wells, 
negative for the square and Gaussian wells. The 
analysis involving an extra lump of potential (see 
formula (7.11) and the discussion there) leads us to 
believe that attractive wells with a reasonably large 
tail will have positive values of P. Putting these 
two pieces of information together, a look at Fig. 16 
indicates that the estimate (6.8) of the triplet 
effective range is not affected appreciably by the 
well shape, within the experimental error. Three 
cautions are in place here, however: (1) the values 
of P were obtained without tensor forces. Until the 
calculation with tensor force is completed, the 
result we have just stated must be considered not 
quite certain ; (2) we have assumed that the nuclear 
force in the triplet state is attractive at all distances. 
Our analysis shows that a lump of repulsive po- 
tential placed some distance out beyond the main 
range b would give a negative contribution to P. 
This possibility seems unlikely but it cannot be 
excluded on the basis of our present knowledge 
regarding the nature of nuclear forces; (3) We do 
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not know the values of P for some representative 
“‘velocity-dependent”’ forces. 

While an analysis of the experimental data to 
find P in the triplet and singlet states is possible in 
principle, we have concluded that the small values 
of P which we can expect to find and the large 
experimental errors with which we are faced make 
such an analysis unprofitable at this time. More 
accurate cross section measurements would -help 
here, but the required accuracy is probably beyond 
the limits of the present techniques. 

We conclude this section by collecting for refer- 
ence purposes for the four well shapes treated the 
following interpolation formulas for the well depth 
parameter s: 


(1) s asa function of (aro), 
(2) s asa function of (ab), 
(3) s asa function of (yd). 


These are collected in Table V. The square well and 
the exponential well can, wf course, be solved 
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Fic. 16. Ordinate: T; Abscissa: r. The coefficient T( = Pr,’) 
of the k‘ term in the expansion of & coté for the triplet state 
is shown versus the triplet effective range 7;. Equation (8.1) 
determines a linear relation between 7; and T once a value 
of a:(=a;') is specified (the value of y being well known). 
This linear relation for representative values of a; is plotted 
on the figure. Also given are curves of constant P. For values 
of |P| <0.2 (which is the case for the four well shapes con- 
sidered), the value of 7; implied by a chosen value of a: is 
not significantly different from the value implied by P=0 
(see also Fig. 14). 
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TABLE V. Interpolation formulas for the well-depth parameter s as a function of (aro), (ab), (yb) for various well shapes. 








I. s versus (aro) 





Shape 


s 





Square well 
Gaussian well 
Exponential well 
Yukawa well 


574 (aro) +0.353 (aro)? |X [1 —2.384(aro) +1.30(aro)?}- 
.030(aro) +0.587 (ary)? 

.9739 (aro) +1.3602 (aro)? |] X [1 —3.7134(are) +3.1177 (are)? J 
.5093 (aro) +2.0354 (aro)? 


XL1—2.810(aro) +1.805(aro)? J“ 


XL1—4.1348(aro) +3.7072(arg)? | 





II. s versus (ab) 





Shape 


s 





Square well 
Gaussian well 
Exponentia! well 
Yukawa well 


-0+0.8098 (ab) +0.6516(ab)?+0.5229(ab)?+-0.185 (ab)*+0.747 (ab)5 
-0+0.7811 (ab) +0.5687 (ab)?+0.352(ab)*+-0.262(ab)*+0.020(ab)§ 
.0+0.7109(ab) +0.4411 (ab)? +0.4658(ab)’ —0.3877 (ab)4 

.0+0.6361 (ab) +0.2837 (ab)? +0.0338 (ab)? —0.150(ab)* —0.031(ab)5 





III. s versus (yb) 





Shape 


s 





Square well 
Gaussian well 
Exponential well 
Yukawa well 


1.0000 +0.8104 (7b) +-0.2426(yb)?+0.0184(-yb)?+-0.0041(yb)*+--- 
1.0000 +-0.7806(yb) +0.1773(yb)?+--- 

1.0000 +-0.7517 (yb) —0.0046(yb)?+-0.0657 (-yb)3—--- 

1.0000 +0.6364(yb) —0.0340(yb)?+0.0067 (yb)?+-0.0139(yb)4—--- 








exactly so that the numerical formulas are unneces- 
sary. They are retained only for the sake of uni- 
formity and completeness. A curve of ab vs. s is 
plotted in Fig. 4. Since, for some purposes, more 
accuracy is desired than can be obtained from a 


graph, the numerical formula (2) may be of some 
use. Figure 15 shows s in terms of b. To plot this 
graph, the value y—!=4.332 X10-" cm was used to 
convert values of yb to corresponding values of b. 
In view of the experimental uncertainty in y, it is 
useful to have a numerical relation between s and 
(yb) since such a relation will be independent of 
the experimental value of y. 

The ranges of validity of the formulas in Table V 
are as follows for 0.02 percent accuracy in s: 


(1) —0.2 <aro<0.4, 
(2) —0.2<ab <0.6, 
(3) O <vyb <0.6. 


With these formulas one can determine quite 
rapidly the well depth for a given well shape upon 


assuming a value of the intrinsic range, for example, 
and knowing the binding energy of the deuteron 
(from 3). The formulas agree quite closely with 
those obtained by variational methods applied to 
the calculation of s directly. 
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The scattering of neutrons up to about 10 or 20 Mev by protons can be described by two parameters, 
the scattering length at zero energy, a, and the effective range, ro. A formula (16), expressing the phase 
shift in terms of a and fo is derived; it is identical with one previously derived by Schwinger but the 
derivation is very much simpler. Reasons are given why the deviations from the simple formula are 
very small, as shown by the explicit calculations by Blatt and Jackson. 

The theory is then applied to proton-proton scattering, with a similarly simple result. Moreover, a 
method is developed to compare proton-proton and proton-neutron scattering without explicit calcu- 


lation of a nuclear potential. 


The most recent experimental results are evaluated on the basis of the theory, and accurate values 
for the effective ranges are obtained for the triplet scattering of neutrons, and for proton-proton 
scattering. The nuclear force between two protons is found to differ by a slight amount, but beyond 
doubt, from that between neutron and proton in the singlet state. All actual results agree with those 
obtained by Breit and collaborators, and by Blatt and Jackson. 





I. INTRODUCTION 


CHWINGER! has shown that the phase shift 
6 in the triplet neutron-proton scattering is 
related to the wave number k by the relation 


k cot6= —y+3(y+k*)ro+O(k'r0’), (1) 


where y is related to the deuteron binding energy, 
e, by 
e= (h?/M)y’, (2) 


and 79 is a constant of the dimension of a length, 
which is called the ‘‘effective range” of the nuclear 
forces. The term of order k‘ro® is negligible at 
“classical” ? neutron energies. Therefore, if 6 is 
obtained from experiment and kcoté plotted 
against the neutron energy (i.e., k”), a straight line 
will result. The slope of this line determines the 
effective range ro; the intercept at k=0 gives the 
scattering length® at zero energy, a, by means of the 
relation 


1/a=a=y(1—3770). (3) 


The singlet scattering can be treated in an analogous 
way. 

It has long been suspected that ‘‘classical’’ 
nuclear scattering experiments can only determine 
two parameters in the nuclear potential, let us say 
an effective range and an effective depth. This was 
demonstrated with the greatest thoroughness by 
Breit and his collaborators‘ for proton-proton 


* This work was done while the author was a Visiting Pro- 
fessor at Columbia University, New York, New York. 

1 J. Schwinger, Harvard lecture* notes (hectographed only). 
Quoted by J. Blatt, Phys. Rev. 74, 92 (1948). See reference 6, 
Sections 2 and 3. 

* The expression “classical nuclear physics” was introduced 
by S. Allison to describe the energy region up to, say, 10 or 20 

ev. 

*E. Fermi and L. Marshall, Phys. Rev. 71, 666 (1947). 

‘ Breit, Thaxton, and Eisenbud, Phys. Rev. 55, 1018 (1939); 
Hoisington, Share, and Breit, Phys. Rev. 56, 884 (1939). 
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scattering. For any reasonable shape of the nuclear 
potential, they could choose two parameters (depth 
and range) in such a way as to fit the observed 
scattering essentially within experimental error. 
This showed that practically no information could 
be obtained, from classical scattering experiments, 
on the shape of the potential. Subsequently, Landau 
and Smorodinsky® surmised the relations (12) and 
(51) which are similar to (1). However, Schwinger 
was the first to give a general proof of these rela- 
tions. 

Schwinger’s proof is based on a variational 
principle and is quite complicated. It is the main 
purpose of this paper to give a greatly simplified 
derivation. Because of the simplicity, it is then easy 
to calculate higher terms in Eq. (1), and in particular 
to show generally that the neglected term is not 
only of order &* but in addition has a very small 
coefficient. For the proton-proton scattering, a 
similar equation (Eq. (51)) can be derived with 
very little trouble; moreover, the relation between 
proton-proton and proton-neutron force can be 
established without explicit calculation of the 
nuclear potential. In a subsequent paper, it. will be 
shown’ that the photoelectric and the photomag- 
netic effects of the deuteron can be calculated in 
terms of the effective ranges, and that the theory 
can be generalized to the case of tensor forces. 

Biatt! has applied Schwinger’s theory to an 
evaluation of the experiments on neutron-proton 
scattering. Blatt and Jackson® have analyzed all 
the implications of the theory and have, in addition, 
given very useful curves and formulas showing the 
relation between the parameters of potentials of 


5 Landau and Smorodinsky, J. Phys. Acad. Sci. U.S.S.R. 8, 
154 (1944); Smorodinsky, J. Phys. Acad. Sci. U.S.S.R. 8, 219 
(1944); 11, 195 (1947). 

6J. M. Blatt and J. D. Jackson, Phys. Rev. this issue. 
Referred to as BJ. As far as possible, the same notation is 
used here as in BJ. 
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various shapes, and the effective range and scat- 
tering length. They have also evaluated the coef- 
ficient of &*7o® in (1) for various potential shapes. 
We shall therefore refer to their paper with regard 
to quantitative numerical results obtainable with 
the present theory. 


Il. NEUTRON-PROTON SCATTERING, EFFECTIVE 
RANGE 


Consider a neutron of energy E; and wave 
number &. If £1 is in the laboratory system, 


FE, =2h?k?/M. (4) 


Let u; by the radial wave function multiplied by r, 
for an S state; then « satisfies the Schrédinger 


equation 
d?u;/dr?+ kyu; — V(r)u,=0, (5) 


where V is the potential energy, multiplied by 
M/h*. For another energy, we have 


@u2/dr?+ keu2— V(r)u2=0. (5a) 


Multiply (5) by uw: and (5a) by mu, subtract and 
integrate; then we get 
R 
Ugly! — UU 
0 


R 
= (Re? a ks’) f U,uedr, (6) 
0 


where the upper limit R is arbitrary. 

If R is infinity, the orthogonality relation results. 
If R is chosen equal to the range of the nuclear 
forces, one obtains the relation of Bethe and Peierls’ 
between scattering phase shift and k. We shall not 
use (6) directly, but first introduce a comparison 
function yy which represents the asymptotic be- 
havior of u for large distances, viz. 


Wi=A1 sin(kir+ 41), (7a) 


where 6; is the phase shift® for energy EF. It is 
most convenient to choose the normalizing factor 
A, so as to make y=1 at the origin, thus: 


¥i=sin(kir+ 6,)/siné,. (7) 


This will at the same time determine the normaliza- 
tion of u since u is supposed to approach y asymp- 
totically for large r including normalization. 
For the y’s, a relation analogous to (6) will hold, 
v1Z. : 
R 
vai’ — pie! 
0 
Now subtract (6) from (8). Then, if the upper limit 
R is chosen large compared with the range of the 
nuclear forces, each function u; will be equal to 
1935} A. Bethe and R. E. Peierls, Proc. Roy. Soc. A148, 146 
vali considerations refer to S waves; therefore we do not 
need to put the orbital momentum in evidence by writing 4:. 


The subscript in this paper will generally refer to the energy, 
not to /, 


= (hs? hy?) f Ver. (8) 


its asymptotic form y; and there will therefore be 
no contribution to the integrated term (left-hand 
side) from the upper limit R. For the same reason, 
the integral on the right-hand side can now be 
extended to infinity. At the lower. limit, 4; =u,=0 
so that this term does not contribute. This leaves 


(Wipe! — Poy’) rma = (Ro? — hi”) f (Wiv2—urus)dr. (9) 
0 

Now we have normalized y to unity at r=0 (Eq. (7)), 

and the derivative of y can easily be obtained from 


(7) so that we find 


ke cotds = ky cotdé,; = (k?? 


—_ kt) [ (Vive —_ Uyu2)dr. (10) 


This equation is exact and is the fundamental 
equation of our theory. 
We can now apply (10) to the special case ki: =0. 


Then 
—i/a, (11) 


where a is the scattering length of Fermi and 
Marshall, for zero-energy neutrons, which can be 
determined with great accuracy. For the triplet 
state, a is positive, for the singlet state, negative. 
We shall use subscripts zero for the wave functions 
referring to zero energy, and we may drop the 
subscripts for state 2. Then (10) becomes 


k coté= —a+$k’(0, E) 


ky coté;= _-az= 


(12) 
with 
$0(0,E)= [ Wob—u)dr. (13) 
0 
Clearly, p has the dimension of a length. It can 
also be defined for two arbitrary energies, 


$o(E1, Es) = f ite-cnddee- id 
0 


The important point is now that y and u differ 
only inside the range of the nuclear forces. Therefore 
the integrands in (13) and (13a) will be different 
from zero only inside the force-range. However, in 
this region the wave functions u and y depend only 
very slightly on energy, because kr is small and the 
potential energy is much larger than k?. Therefore 
it will be a good approximation (indeed a very good 
one, as we shall show in the next section) to replace 
u by up and y by y and to write 


30(0, E) ~3p(0, 0) =3 maf (Yo? —uo*)dr. (14) 


This quantity is now a constant, independent of 
energy, and we call it the effective range.® It is 


°F. C. Barker and R. E. Peierls, Phys. Rev. 75, 312 (1949), 
have given a similar derivation for the effective range. Also 
similar are the calculations of G. F. Chew and M. L. Gold- 
berger, Phys. Rev. 75, 1637 (1949). 
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identical with the effective range used and defined 
by Blatt and Jackson. (For the shape of the func- 
tions Yo and up see their Fig. 3.) Schwinger defined 
To by 


(14a) 


arom f (Wo? —uq?)dr, 
0 


where u, and y, refer to the ground state of the 
deuteron, and in particular y, is the asymptotic 
solution 

Yg=e-7" (15) 


with y defined in (2). Since p(£i, Es) is insensitive 
to the energies E; and Eo, it makes little difference 
if both of them are replaced by —e where e is the 
binding energy of the deuteron; so Schwinger’s 
effective range is very close to ours. Blatt and 
Jackson have shown that (14) will give a somewhat 
closer approximation to the scattering than (14a). 
Using (14), then, the fundamental relation (12) 

reduces to 
k coté= —atskro. (16) 


Schwinger’s relation (1) is obtained from (10) if the 
comparison state is taken to be the ground state. 
As pointed out by Blatt, and mentioned in the 
Introduction, these relations are both very con- 
venient for the analysis of neutron-proton scat- 
tering data, although some complication is caused 
by the mixture of triplet and singlet scattering. If 
these two parts can be separated and 6 determined 
for triplet and singlet separately, a straight line is 
obtained when the empirically determined quantity 
k coté is plotted against the ‘ ‘energy”’ R?, 

Equation (16) may be inserted in the formula for 
the cross section, 


o sins 1 
de =k? R24 cots 
+1h%,2+O(k ary). (17) 


Actually, the more complicated Schwinger ex- 
pression (1) gives a simpler result because several 
terms combine, viz. 


. ar 
o == 
(k++?) 


karo 





a [k?+a?— 


[1—yroti(k?+y*)ro? 


+O(R*yr0*) 1. (18a) 


Thus, in first approximation, the cross section is’ 


multiplied by the constant factor 1/(1—yro) as 
already pointed out by Bethe-and Peierls. But the 
following correction term, 3(k?+~?)ro?, while in 
general much smaller than the first, still is unaf- 
fected by the omission of higher order corrections 
in (16) or (1): these neglected terms will only give 
contributions of relative order (kro)*. Schwinger 
has pointed out that the term in (kro)? is required 


in order to keep the cross section everywhere 
below the permitted maximum, 42/k?. This maxi- 
mum is reached when coté=0, i.e., k?=2a/ro. For 
triplet scattering, with the numerical values given 
in the next section, this corresponds to 20 Mev 
neutron energy (laboratory system). 


Ill. DETERMINATION OF RANGE FROM PARA- 
HYDROGEN SCATTERING 


If the state 2 in (10) is taken to be the ground 
state, then from (15) we have y2'(0) = —¥, and we 
find 


a=y— Fy"p(0, —e)~y(1— 77%), (19) 


which is also contained in the Schwinger relation 
(1). This provides the most accurate way to deter- 
mine 79 for the triplet state’ ® because y is known 
from the binding energy of the deuteron and a from 
the parahydrogen scattering. 

Since all the relevant experimental data are still 
subject to correction, it is desirable to indicate the 
change of the result which would be caused by a 
given change of the experimental numbers. We put: 
Binding energy of deuteron 


e=2.21(1+.6€) Mev. (20a) 

Scattering cross section of slow neutrons by free 

o;=20.36(1+2) barns. (20b) 
Scattering of parahydrogen 

(3a:+a,)?=0.624(1+ 3) barns, (20c) 


where a; and a, are the scattering lengths for triplet 
and singlet, respectively, so that 


f= a (3a; 2+a,”). (21) 


The corrections €1, €2, €3; may be just as easily posi- 
tive as negative; the present indicated probable 
errors are about 


€é:=+0.009 (+20 kev), 
é2=+0.005 (+0.10 barn), '(22b) 
€é;=+0.08 (+0.050-barn). (22c) 


The value for the binding energy of the deuteron 
is taken!® mainly from the reaction 


C4¥+H=N"+2, (23) 


whose threshold has been accurately determined by 
Shoupp and Jennings" giving Q=—620+9 kev. 
The energy of the 8-rays from C" is extremely well 
known, e.g., from the measurement of Langer, 


protons 


(22a) 


10 T am indebted to Dr. K. Bainbridge for a discussion of the 
experimental information on the deuteron binding energy at 
the Conference on Classical Nuclear Physics at Chicago, 
December 1948. Dr. Bainbridge will publish a more detailed 
discussion in the near future. 

1 Shoupp, Jennings, and Sun, Phys. Rev. 75, 1 (1949). 
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Cook, and Price,” and is 156.341.0 kev. This 
gives for the difference 


n—H=776+9 kev. (23a) 
Combining this with the mass spectrograph doublet 
H,.—D=1432+2 kev, (23b) 

we get for the binding energy of the deuteron 
n+H—D=e=2208+7 kev. (23c) 


Probably the best direct measurement of the binding 
energy is the recent one by Bell and Elliot!* at 
Chalk River who measured the energy of the y-rays 
from the capture reaction and found 


e=2237+5 kev (24) 


referred to the ThC” y-ray which was taken as 
2620 kev. Since this involves an absolute calibration 
of y-ray energies!‘ and since (23a) involves only the 
measurement of small energies, we shall pro- 
visionally adopt (23c) until the small discrepancy 
between it and (24) is resolved. In any case, the 
lower values (2185 kev) found earlier!® seem to be 
discredited. 

For the free proton cross section, we take the 
very accurate value obtained by Melkonian, Rain- 
water and Havens!® with the Columbia velocity 
selector. For the parahydrogen scattering, the 
value of Sutton e al.!7 obtained at Los Alamos was 
taken; a relatively generous probable error seemed 
indicated (see the discussion in BJ, Section VI). 

The values chosen in (20) give for the ‘‘radius of 
the deuteron” 


1/y =4.332(1+ 461) X10- cm 
for the two scattering lengths 
—d,=(2.375+1.11¢€2.+0.072€3) X10-” cm, 
a: = (0.528+-0.37€,—0.108e€3) X10-? cm, 
and, using (19), for the effective range 
ro= (1.56+2.7¢e:+5.0e2—1.5€3) K10- cm. 


ii aie ti aii al + 

12 Cook, Langer, and Price, Phys. Rev. 74, 548 (1948). 

+ Note added in proof.—Recent measurements by Taschek, 
Jarvis, Argo, and Hemmendinger (Phys. Rev. 75, 1268 (1949)) 
and by Tollestrup, Jenkins, Fowler, and Lauritsen (Phys. 
Rev. 75, 1947 (1949) and private communication) on the 
difference He?++-n— H?—H give values for n—H of 782+2 kev 
and 789+6 kev, respectively, which would slightly raise « if 
(23b) is correct. However, this does not resolve the discrepancy 
pointed out in footnote 14. 

13R. E. Bell and L. G. Elliot, Phys. Rev. 48, 1552 (1948). 

14 T, Lauritsen has informed the author that he has re-deter- 
mined the energy of the ThC” y-ray by direct comparison 
with annihilation radiation, and found 2618+5 kev. This 
would indicate a definite discrepancy between (23c) and (24). 

16 See the review by W. E. Stephens, Rev. Mod. Phys. 19, 
19 (1947). 
wna Rainwater, and Havens, Phys. Rev. 75, 1295 

17 Sutton, Hall, Anderson, Bridge, DeWire, Lavatelli, Long, 
Snyder, and Williams, Phys. Rev. 72, 1147 (1947). 


(25) 


(26a) 
(26b) 


(27) 


Inserting (22), we find for the contributions to the 
uncertainty of the effective range: 


from the deuteron binding energy 
0.024 x 10-8, 


from the free-proton scattering 
0.025X10-, (27b) 


0.12X10-, (27) 


As is to be expected, the parascattering gives the 
greatest uncertainty and more precise experiments 
are very desirable. An additional uncertainty arises 
from the slight difference between p(0, —e) and 
p(0, 0) which depends on the shape of the potential ; 
from Fig. 14 of BJ this effect may be estimated to 
be an increase of ro by about 0.01 for the square 
well, and a decrease of about 0.04 for the Yukawa 
potential, as compared with the value given in (27). 

The singlet scattering range cannot be deduced 
with any certainty from existing neutron-proton 
experiments (BJ Fig. 8). The best procedure still 
seems to be to assume approximate equality of 
force in the singlet state for proton-proton and 
neutron-proton. The proton-proton data (Section 6) 
give r9>=2.7X10-" which we shall assume to be 
true also for neutron-proton singlet scattering. 
This means a large difference between the effective 
ranges for triplet and singlet states. Now for square 
wells the effective range is nearly equal to the 
actual width (intrinsic range) of the square well and 
therefore the intrinsic ranges come out very dif- 
ferently for triplet and singlet (1.85 and 2.55 X10-, 
respectively). But for long-tailed potentials, there is 
a large difference between intrinsic and effective 
range, especially for the triplet state which is rela- 
tively strongly bound. For such potentials, then, 
the same intrinsic range may easily be compatible 
with the observed large difference in effective 
ranges in singlet and triplet states. This is true, in 
particular, for a Yukawa potential if the intrinsic 
range is chosen to be 


b,=b,=2.5X10- cm. (28) 


That it is possible to use the same intrinsic 
potential for triplet and singlet, is due to the fact 
that the ‘““Yukawa” curve for b/ro vs. aro, Fig. 6 of 
BJ, is very steep when arp is large which it is for the 
triplet state, viz. about 0.3 from Eq. (26b) and 
(27). Therefore almost any value of }; is compatible 
with a given ro, and among them also 3J,. It is 
therefore better to turn the argument around and 
assume b,=b, to be given by (28), and 7; by (27), 
then we get b,/r;=1.6; and from BJ Fig. 6 we find 
ar,;=r,/a,=0.28 in good agreement with (26b), (27). 
Thus, if we knew (a) that the potential had a 
Yukawa shape and (b) that abd is rather large, we 
could predict the effective triplet range quite 
accurately from the scattering length a; alone, 


(27a) 


from the parascattering 
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without knowing the binding energy of the ground 
state; or we might even predict 7; and a; (and thus 
the parahydrogen scattering) directly from the 
binding energy of the deuteron, using ar;~0.3 and 
Eq. (19). 

The fact that the small effective triplet range is 
compatible with a large singlet range for a long- 
tailed potential, is the reason why Bohm and 
Richman’* found it possible to explain the observed 
neutron-proton scattering up to 6 Mev with the 
same well for singlet and triplet provided they took 
a long-tailed well. 


IV. ENERGY DEPENDENCE OF EFFECTIVE 
RANGE 


We shall now study the dependence on energy of 
p(0, E), as defined by Eq. (13). For this purpose we 
expand the comparison function yY up to second 
order in k; we get from (7) 


¥=coskr+coté sink; 
=1—}hkr’+k coté r—§k' cotér?+O(kr*). (29) 


Now we insert for k coté the first approximation 
(16) which is also accurate including terms of 


order k?; then 
¥=1-—ar+  k’r(ro—r) —dkar’. (29a) 


The first two terms are independent of energy, the 
other two are proportional to the energy. It is often 
convenient to write y in the form 


V=Yotkxitk*xet+ ae 
Then, according to (29a), 


(30) 


x1 = $r(ro—7) —#ar’. (30a) 











0.5 
[e) . 5 





Fic. 1. The comparison functions y vs. radius for (A) the 
ground state of the deuteron, (B) the triplet state of energy 
zero, and (C) a neutron whose kinetic energy in the laboratory 
system is twice the binding energy. All curves intersect at 
the effective range 7p. 


6D. Bohm and C. Richman, Phys. Rev. 71, 567 (1947). 
This fact was pointed out to the author by Dr. Blatt. 


This function is zero at r=0 because all y’s are 
normalized to unity at this point; then it becomes 
positive because k coté (the slope of y) increases 
with energy; xi has a negative curvature which 
arises from the term coskr in (29); therefore it 
becomes zero again, at 


r=r,~ro(1—faro) (31) 


which is rather close to ro, and is negative thereafter, 
In this approximation, then, the functions y for all 
energies will intersect near the effective range. (See 
Fig. 1.) 

The energy dependent term x, is obviously small 
for any value of r comparable with 7p, i.e., anywhere 
within the range of the nuclear forces, whatever 
their shape. This is because x: has two zeros, one 
at 0 and one at 7; and is therefore a small fraction of 
ro? in the interesting range. Therefore y—wWpo will be 
a small numerical coefficient multiplied by (kro)? 
which itself is small for energies up to 10 Mev or so. 
We shall see that this makes the simple theory of 
Section II such a good approximation. 

The correction to the simple theory is given by 


40(E, 0) —$0(0, 0) = i [vo — Yo) — uo(e — 140) Ter 


=f (Yox1 — Uov1)dr, (32) 
0 


if we set, in analogy to (30), 
U=Uptk*v;+k4V2+ aos 


The first part of (32), the integral of Yox:, is small 
because x1 has been shown to be small (compared 
with 79) inside the range of the nuclear forces. The 
function v; must also be small in this region because 
it must approach x; as soon as the nuclear forces 
become negligible, and must be zero for r=0. 
Therefore the factor of k? in (32) must be small 
compared with 7°. 

BJ have written the phase shift formula in the 
form , . 


k coté= —a+ fk*ro—Ph'rp?+--->. 


Our argument then shows that P must be a small 
numerical coefficient. This is indeed what BJ find 
by-explicit calculation. According to their Fig. 10, 
P is in most cases less than 0.05 and never exceeds 
0.14. It depends, of course, on the shape of the 
potential and on the quantity aro; see Eq. (11). 

It is very easy to calculate P for a square well, 
especially if we assume the resonance level to lie 
exactly at zero energy, i.e., if a=0. Then Yo is equal 
to unity, @ is zero, 79 is equal to the actual width 5 
of the well, and x; is positive throughout the region 
contributing to the integral in (32). The first term 


(32a) 


(33) 





yn? ae. 
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in this integral then gives 
r0 ro 
f Yoxidr =} f r(ro—r)dr = zero’. (34) 
0 0 


The factor here is indeed small. Moreover, the 
second term in the integral (32) has always the 
opposite sign and is in general smaller than the first 
(since %9<po everywhere); so the actual result of 
(32) will be even smaller than that obtained from 
the first term alone. Explicitly, we have for the 
square well 


uo=sinKr, K=72/2b, 
u=sin[ (K?+k?)ir], 
v1 = (u—Uuo)/k? =(r/2K) cosKr, 


(35a) 
(35b) 
(35c) 


(35) 


b 
f Uovidr = ro? /2n?. 
0 


This is indeed of the same sign, and smaller than, 
Eq. (34). Combining them we get 


p(0, k?) =179+0.0654k'r 9% 
P= -—0.0327. 


(36) 
(36a) 


The correction to the effective range is very small. 
For 10 Mev and the observed value of ro, Eq. (27), 
we have kro=0.54 and the second term of (36) is 
2 percent of the first. The effect on the phase shift 
is about 0.3°. This shows the excellence of the 
simple (Schwinger) approximation given by Eq. 
(16). 

We have seen that the correction function x; is 
positive for r<r;~7ro, negative for r>r,. Therefore 
the correction term (32) is positive for the square 
well where the entire contribution comes from 
r <r;. On the other hand, for a long-tailed potential 
such as that of Yukawa, most of the contribution 
to (32) is likely to come from r>r,, where x is 
negative, especially because |x:| is on the whole 
greater for r>r,. Therefore we should expect that 
the correction term (32) is negative (P positive) for 
long-tailed potentials. BJ have shown that this is 
indeed the case for the Yukawa and the exponential 
potential. 

Another factor which tends to make (32) negative 
is that in this case v, is algebraically larger than x1 
so that the second term in (32) gives an additional 
negative contribution. (For the square well, 1: is 
algebraically smaller than x.) This is illustrated in 
Fig. 2. This argument, as well as the calculations 
for Fig. 2, are due to Dr. C. Longmire. 

The coefficient P is the first parameter in the 
expansion (33) of kcoté which depends on the 
shape of the potential. If the scattering experiments 
could be made accurate enough to deduce P, 
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Fic. 2. The energy-dependent corrections to the wave 
function vs. radius (a) the correction x1=dy/dk* to the com- 
parison function, (6) the correction v1: =du/dk* to the actual 
wave function for a square well, (c) v; for a Yukawa potential. 
In b and ¢, the energy of the resonance level was assumed to 
be zero. 


information on the shape would be obtained. If the 
plot of k coté vs. k? deviates from a straight line 
upwards we have a concentrated potential (square 
well or Gaussian); if the deviation is downwards 
the potential has a long tail (exponential or 
Yukawa potential). For the present, the experi- 
mental accuracy is not sufficient to make any devi- 
ations from the straight line significant. The only 
arguments for the shape of the potential are then 
of the type presented in the last section, viz. that 
the Yukawa potential permits the intrinsic range 
to be the same for triplet and singlet, while the 
square well would require very different intrinsic 
ranges in the two cases. From the triplet or the 
singlet scattering separately, each as a function of 
energy, nothing could be said about the shape. 
Moreover, to predict the scattering at an energy 
where it has not been measured, the straight line 
relation (16) appears to be the simplest as well as a 
very accurate method. 


V. PROTON-PROTON SCATTERING: THEORY 


In the case of proton-proton scattering, the 
Coulomb potential is added to the nuclear inter- 
action. If w; is the radial wave function multiplied 
by r, for wave number &, then 


wy'+k;?w, = Vwyt+ 2w;/Dr. (37) 


The last term represents the Coulomb potential, 
and D is the Bohr radius for two protons, 


D =2h*/Me?=5.76X10-" cm (38) 


(factor 2 because of reduced mass). Because of the 
relative smallness of the Coulomb potential, the 
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Bohr radius D is very large compared with nuclear 
dimensions. This will be useful in the analysis. 

We use again a comparison function, ¢g, which is 
the solution in the Coulomb field alone, viz. 


¢g1 +k? ¢1=2¢;/Dr. (39) 


It is so chosen that w becomes equal to y asymp- 
totically, i.e., outside the range of the nuclear forces. 
The function ¢ itself is quite complicated but most 
of its relevant properties, as well as tables, have 
been given by Yost, Wheeler, and Breit.?° For 
kr>1, ¢ has the asymptotic form 


g=C sin(kr— 1 log2kr+2 argl'(1+77)+41), 
where C is a normalizing constant, 
n =e?/hv=1/kD =(25.0 kev/E)! 


is a very useful parameter, and argI’ is the complex 
phase of the I'-function, 


I'(x) = |T'(x)| exp[¢ arg’ (x) ]. 


The phase shift relative to the regular Coulomb 
function is denoted by 6 (Breit’s Ko). The function 
y, like its counterpart y in Section II, shall be 
normalized to unity at r=0. It can then be ex- 
pressed, at any value of 7, by a combination of 
regular and irregular solutions in the Coulomb 
potential which are denoted by F and G, respec- 
tively, by YWB, thus: 


g=C)(G+ F cots), 


where Co is the well-known normalizing constant 
for Coulomb wave functions, 


2rn \? 
cat 
e277 —1 
As before, the normalization of g determines that 


of w. 
Then, using a proof entirely analogous to Section 


II, we get 


(40) 


(41) 


(41a) 


(42) 


(43) 


R 
/ / / / 
$291 — Pig2 —W2W1 +WiWe 


r 


= (ks? — ky?) J iceman ants 


The only difference as compared with Section II is 
that we now take a finite lower limit 7, which, 
however, we assume to be very small compared with 
ro. The integrated term in (44) is again zero at the 
upper limit; at the lower limit, the functions w are 
zero and the g’s are 1 (within corrections of order 


20 Yost, Wheeler, and Breit, Phys. Rev. 49, 174 (1937). 
Quoted as YWB. 


r). Then we get 
g2' (7) — g1'(r) = (ke? — ki”) f (yig2—wiwe)dr 


=3(ko?—ki*)p(Ei, Ex) (45) 


in complete analogy with (10), (13a). Equation (45) 
defines the ‘‘effective range”’ p. 

We must now investigate the derivative ¢’(r). 
For small but finite r, YWB give for the irregular 
function 


2r 2r 
CoG = 1+= (in Inn 
D D 


+RP. ¥(in) +2C-1) +00), (46) 


where C is Euler’s constant, 0.577--- and WV the 
logarithmic derivative of the I'-function. 


IY(s+1) ew fl 1 
— I'(z+1) <--—-e = 
so that 


RP. 6otCoe te ——. 
v=1 v(v?-+ 9”) 


Further evaluations are given by YWB. For 
reasonably high energy (>0.5 Mev) it is sufficient 
to set 


(46b) 


s3=d v3 =1.202. 


v=1 


R.P. V(in) + C=7n?s3, (46c) 


We abbreviate 
CoG = 1+ (2r/D)[In(2r/D)+3¢(n) +C—1], 


where g is a known function of », viz. 


(47) 


g=—2 Ing +2? F-24922. (47a) 


v=1 
The regular function is, up to order r, simply 
F=Cokr (48) 
and therefore 


g=Co(G+ F cots) 
= 1+ (2r/D)[In(2r/D)+3g(n)+C-1 
+$C,?kD coté } 


mw coté 
2 


Pitas § ie (n)+C-1 49 
” =e ben 4 -| (49) 


e-71— 
where the values of Co, (42), and of n, (41), have 
been inserted. 

It is seen that g’ is logarithmically infinite for 
r=0. Therefore the direct use of ¢’(0) is impossible, 
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and it is for this reason that we had to use a finite 
lower limit 7 in (45). But if we take the difference of 
the values of ¢’ for two different energies, EZ, and Fi. 
and at the same 7, the troublesome term logr 
cancels out since it is energy-independent. We get 
then from (45), (49): 


1 2m cotéds 
exe: =—| (m2) el) + x 
D e 





2m cotd; 
2rm—] | 
= }(k2?— ki”) p(Fi, Es), 


or, putting ki=0: 


2x coté 
1 =D[—a’+3k*p(0, E)], 


(50) 


f=a(n)+ (51) 


e271 — 
where a’ is a constant, independent of energy, and 
analogous to the reciprocal scattering length @ in 
(16). 

Equation (51) is quite similar to (16). It also was 
obtained by Schwinger! from a variational prin- 
ciple. Previously, the relation had been stated but 
not proved by Landau and Smorodinsky. The 
quantity f itself was already defined and found 
useful by Breit, Condon, and Present”! in their first 
theory of the proton-proton scattering. These 
authors pointed out that f should be independent 
of energy if the range of the nuclear forces were 
zero, and derived the consequences of such an 
assumption for the behavior of 6 as a function of 
energy. 

The left-hand sides of (51) and (50) differ from 
(16) in two respects: first, the factor of coté is not 
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simply k but (in (50)) 
2r 2x 


on be 
=e 


D(e™*—1) 229-1 





(51a) 


For large energies, 7 becomes small and this ex- 
pression goes over into k, as it should. For small 
energies (large 7), however, the denominator 
becomes very large and consequently coté ap- 
proaches infinity (6-0) much more rapidly than 
for neutron-proton scattering. Physically this means 
the elimination of nuclear scattering by the Coulomb 
potential barrier. 

The second difference is the appearance of the 
given function g(7) on the left side of (50) and (51). 

On the right-hand side, the definition of p is the 
same as for neutron-proton scattering. Therefore 
the same arguments hold as there: p is very nearly 
independent of the energy, and may therefore be 
replaced by p(0, 0) which may again be called the 
effective range. Moreover, the Coulomb potential 
also has very little influence on the wave functions 
inside the range of the nuclear forces; therefore we 
may in good approximation replace yg, w by the 
functions ¥, u obtained in the same nuclear poten- 
tial without Coulomb potential (see also Section 
VII). Then the effective range is defined by 


Sail f (ge? wel) de f (o?—ue2)dr, (52) 
0 0 


where the subscript 0 again refers to zero energy, 
just as for neutron-proton scattering. 
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Fic. 3. Experiments on proton-proton scattering up to 4 Mev. The function f, Eq. (51), is plotted vs. energy. 


The experimental points fall very accurately on a straight line, as the theory p 


redicts. 


e@ Ragan, Kanne, and Taschek; O Heydenburg, Hafstad, and Tuve; X Herb, Kerst, Parkinson, and Plain; 


A Blair, Freier, Lampi, Sleator, and Williams. 
*1 Breit, Condon, and Present, Phys. Rev. 50, 825 (1936). 
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TABLE I. Proton-proton phase shifts. 








200.2 225.9 
0.448 
6.78 


Energy (Mev) 3.04 


Reference 23 
R 63.0 


6 51.17 


Energy (kev) 


Reference 22 


7.85 
3.27 


69.0 
51.50 


5 (degrees) 


Energy 8.0 


Reference 27 
Ge.m.(90°) is 6.0+0.35 


52.6 


0.353 


249.5 


0.256 
9.03 


3.53 


77.5 
52.08 


14.5 


3.34+0.2 
52.0 








* R is the ratio of observed scattering at 45° to Mott scattering. 
** Differential cross section in center of mass system. 


VI. ANALYSIS OF PROTON-PROTON SCATTERING 
EXPERIMENTS 


To analyze the many accurate experiments on 
proton-proton scattering, we merely need to take 
the phase shifts of the s-wave from experiment, 
calculate the left-hand side of Eq. (51), and plot it 
against the energy. This has been done in Fig. 3. 

It is seen that the experimental points fall very 
accurately on a straight line, as (51) demands. The 
line was actually drawn through the lowest energy 
points of Ragan, Kanne, and Taschek” (at 176 and 
200 kev) and through the highest energy points of 
Blair, Freier, Lampi, Sleator, and Williams” (3.27 
and 3.53 Mev). Then the points of Herb, Kerst, 
Parkinson, and Plain™ fall very beautifully on the 
straight line..Only those of Hafstad, Heydenburg, 
and Tuve*® are off the line, as was noticed before 
by Breit et al. and as is explainable from the early 
date at which this work was done, and from the fact 
that the electrostatic generator was pushed to the 
limit in energy. 

For the two latter sets of experiments, I took the 
phase shifts from the work of Breit, Thaxton, and 
Eisenbud.‘ For the former two, they were evaluated 
by Longmire, using only the absolute scattering 
cross section at 45°. We realize that this is not the 
most accurate method of evaluation but it is simple 
and quick. The phase shifts obtained by Longmire, 
and used in constructing Fig. 3, are given in Table I. 


The slope of the line in Fig. 3 is 
0.942 per Mev (53a) 


with an accuracy of 5 percent or better. Using D 
from (38), and (see (4)) 


E(Mev) =0.830k?(barn-), (53b) 


* Ragan, Kanne, and Taschek, Phys. Rev. 60, 628 (1941). 
% Blair, Freier, Lampi, Sleator, and Williams, Phys. Rev. 
74, 553 (1948). 
a ~ _ Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 
anno. Hafstad, and Tuve, Phys. Rev. 56, 1018 


we get the effective range 
(2.71+0.13) X10-!3 cm. (53) 


This is in complete agreement with the analysis by 
Breit and collaborators. The limits on 79 can now be 
set considerably closer than by Breit, Thaxton, 
and Eisenbud, primarily because of the extension 
of the experiments to lower and higher energies, and 
to some extent because the very simple linear 
relation used here permits a very easy estimate of 
error by inspection. 

The intrinsic range is slightly smaller than the 
effective range since the ‘‘level” of the proton- 
proton system ‘is virtual. Using the scattering 
lengths given in Section VII, Eqs. (65) and (70), 
together with Fig. 6 of BJ, one obtains 


b=2.55 X10- for square well, (54a) 
b=2.45 X10-* for Yukawa potential. (54b) 


Experiments on proton-proton scattering have 
also been done at higher energy, by Dearnley, Oxley, 
and Perry”* and by R. R. Wilson and collaborators.27 
These are not as accurate as those at lower energy. 
However, we have plotted them in Fig. 4, together 
with the continuation of the straight line of Fig. 3. 
The agreement is not very good. In the case of the 
experiments of Wilson e¢ al. the deviation is easily 
within the given experimental error. However, the 
point of Dearnley et al. is definitely off the straight 
line. The deviation is in the direction expected for a 
square well, while all other arguments favor some- 
thing similar to a Yukawa potential. Moreover, the 
deviation is 4 times as great as expected for a 
square well. In fact, it was already noticed by 
Dearnley e¢ al. that their cross section was lower 
(therefore k coté larger) than would be expected 
from the square well used by Breit e¢ al. to fit the 


7 ee Oxley, and Perry, Phys. Rev. 73, 1290 (1948); 
ev). 

27 R. R. Wilson and E. Creutz, Phys. Rev. 71, 339 (1947); 
(8 Mev). Robert R. Wilson, Phys. Rev. 71, 384 (1947); (10 
Mev). Wilson, Lofgren, Richardson, Wright, and Shankland, 
Phys. Rev. 72, 1131 (1947); (14.5 Mev). 
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low energy data. The direction of the deviation 
precludes its explanation as a tensor force effect on 
the P waves. Because of the excellent fit to the 
straight line at lower energies, we find this deviation 
hard to understand. 


VII. COMPARISON OF PROTON-PROTON AND 
NEUTRON-PROTON SCATTERING 


Breit, Condon, and Present” first pointed out the 
approximate equality of the proton-proton potential 
and the neutron-proton potential in the singlet 
state. It is the purpose of this section to compare 
proton-proton and neutron-proton interactions 
without calculating the nuclear potential explicitly. 

In addition to the functions w, ¢ used in Section 
V to describe the proton-proton scattering, we shall 
use also the function u which would be obtained in 
the same nuclear potential without the Coulomb 
potential, and its asymptotic function y. Then u 
satisfies Eq. (5) and y has the form (7). 

The problem is greatly simplified by considering 
all these functions for energy zero. It is true that 
direct experiments on proton-proton scattering at 
this energy would not give any information about 
the nuclear force between the protons. However, 
the value of the function f; Eq. (51) and Fig. 3, 
for E=0 will give us all the necessary information 
about the wave functions w and ¢ for zero energy, 
in particular their behavior for small r. The inter- 
cept of the straight line of Fig. 3 gives 


f(0) =8.62. (55) 


We shall first investigate the behavior of the 
Coulomb comparison function g. Inserting (51) 
in (49) we find that for very small r, yg’ is given by 


go (r) =(2/D)[In(2r/D)+C+3f(0)], (56) 


and that 
g=1+17[¢0'(r) —2/D]. (S6a) 


In yg, terms of order r? have been neglected which 
will be permissible for our purposes. In g’, however, 
we shall need the next term which may be obtained 
either from YWB or by integration of (39), using 


(56a) : 
¢ = go +(27r/D)( go’ —4/D). (S6b) 


Now let us obtain a relation between wave func- 
tions with and without Coulomb field in the same 
nuclear potential V just as we previously compared 
wave functions of different energy. The wave equa- 
tions for the two functions to be compared are 
(37) and (5), and since V is supposed to be the 
same, we have, dropping the subscript 1: 


R 


R 
uw’ —wu' = (2/D) f uwdr/r. (57) 


A similar relation holds for,the ‘‘asymptotic func- 


> 


tions’’ y and gy whose wave equations also differ 
by the Coulomb potential : 


|B R 
vee) =(2/D) f Yedr/r. (57a) 


In this case, we do not integrate from r=0 because 
gy’ would be infinite at this limit, and the integral 
on the right-hand side would diverge. We have 
therefore used an arbitrary lower limit 71, and we 
shall now define r; by requiring that the right-hand 
sides of (57) and (57a) be equal, in other words by 
the equation 


ff e-nayarir= fi uwdr/r. (58) 


An evaluation of r; will be given below. 

Now, since the right-hand sides of (57) and (57a) 
have been made equal, the left-hand sides are also 
equal. At the upper limits, the integrated terms are 
equal by the definition of y, g as the asymptotic 
expressions for u, w. At the lower limit, the inte- 
grated term in (57) is zero, therefore that in (57a) 
must also be zero. In other words, at the point r; the 
logarithmic derivatives of y and ¢ are equal, 


(v’/Y)n=(¢'/¢)rn. 


But ¢’/g can, at any point, be determined from 
(56a), (56b). On the other hand, y must have the 
form 


(59) 


y =1—apr (60) 
since it is the asymptotic solution for energy zero 
in the absence of nuclear and Coulomb potential. 
The constant ap can thus be determined from (59) 
in terms of the ‘‘observed” intercept f(0), Eq. (55). 


“te oe ee 
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Fic. 4. Experiments on proton-proton scattering from 7 to 
15 Mev, f vs. E. The straight line is the same as in Fig. 3, the 
experiments do not agree very well with it. 

O Dearnley, Oxley, and Perry; A Wilson and Creutz; 
CJ Wilson. 
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Then ap can be interpreted as an equivalent re- 
ciprocal scattering length, i.e., as the reciprocal 
scattering length which would be obtained for 
neutron-proton scattering if the nuclear potential 
were the same as for proton-proton scattering. This 
can then be compared with the measured ay =1/a, 
for singlet neutron-proton scattering. 

Inserting (56a), (56b), and (60) into (59) gives, 
after some simple algebra and neglect of second- 
order terms in 7:/D: 


—ap= go (r1)+(4r1/D)(go’ —2/D), 


, 


(61) 


where ¢’ is still given by (56). Greater accuracy 
could be obtained using the representation of ¢ in 
terms of Bessel functions.”° 

That it is possible to find a point 7; at which the 
logarithmic slopes of the Coulomb function ¢g and 
the straight line y are equal, is due to the peculiar 
behavior of the Coulomb function (see Fig. 5). As 
shown by (56a), the function ¢ begins at r=0 with 
the value 1 and logarithmically infinite negative 
slope. It reaches a minimum and then rises. At 
larger r, it shows the typical exponential rise 
expected inside the Coulomb potential barrier. 
There must therefore be a point where the function 
g has the same logarithmic slope as any given 
straight line. 

We shall now determine 7. Since y’/y depends 
only slightly on 7: (Eq. (56)), an approximate value 
of r; will be sufficient, and since the Coulomb 
potential is unimportant inside the nuclear poten- 
tial, it is permissible to replace the Coulomb func- 
tions y, w in the definition (58) of 71 by the ‘“‘neu- 
tral” functions y, u. We shall do the calculation 
explicitly for the specially simple case a=0 which 














1.0 2.0 3.0 40 
r (10~'3 cm) 


Fic. 5. a) The wave function ¢ (comparison function) in the 
Coulomb field, vs. radius, for zero energy with the constant ¢ 
(Eq. 73a) as given by experiment, 6) the function y corre- 
sponding to neutron-proton scattering by the same nuclear 
potential (for a square well), c) y for the actual neutron-proton 
scattering in the singlet state, d) y for the triplet neutron- 
proton state. Note the small difference between a, b, and c, 
the large difference between these and d. Note also the greatly 
enlarged scale of ordinate: All functions are near unity inside 
the range of nuclear forces, and } and a agree within a few 
percent. 


corresponds to a resonance level at zero energy, 
This is a good approximation because a is actually 
small; a result for finite a will be given below. If we 
take a=0 and a square well, u is given by up in 
(35a). Since u=y for r>b, (58) becomes 


f y’?dr/r=1n(b/r;) =f u?dr/r 


b 


‘ f sin*(mr/2b)dr/r=4(C-+Inx—Cin), (62) 


0 


where Ci is the integral cosine, 


Ciz=— f cosydy/y. 


z 


(62a) 
Therefore 
In(r,/b) = —0.8245, 7,=0.4384d (63) 


so that 7; turns out considerably smaller than the 
effective range which, with our assumptions, is 
equal to b. With (54a), we get 


ry =1.12X10-* cm. (63a) 


We shall show below that (63) remains a very 
good approximation, even for finite scattering 
length, but that the approximation would be con- 
siderably less good if we replaced 6b by ro in (63). 
This makes the calculation slightly involved: one 
needs a to obtain b from 79 using the curves of BJ, 
but one needs 3 to calculate a. In practice, a very 
rough estimate of a suffices to get an accurate value 
for 6 so that there is no real difficulty. 

Using } from (54a), and using (63), (56), (56a), 
(61), (38), and (55) we get: 


gos’ (71) =(2/D)[1n(2b/D) +4.06 ] 


=0.568X10cm-!, (64) 


gs(r1) = 1.0245, (64a) 
—apg=0.585 X10" cm, (65) 
where the subscripts P and S stand for proton and 
square well, respectively. This result may be com- 


pared with the neutron-proton scattering in the 
singlet state which gives, according to (26a) 


—-ans= —1/ays=0.421 X10" cm7, (66) 


For a Yukawa potential we shall not do the 
exact calculation but choose an approximate wave 
function of the form (again for zero binding energy) 


(67) 


As Schwinger! has shown, such a wave function 
when used in the variational method, will give the 
depth of the potential correctly within 1 part in 
10,000. Chew” has pointed out that up itself agrees 


28 Geoffrey F. Chew, Phys. Rev. 74, 809 (1948). 


Uo = 1 —e-br, 
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with the exact wave function within 3 percent. The 
parameter 8 is related to the parameter in the 
meson potential and also directly to the effective 
range which is 


a2 f (1—usdr=3/2. (67a) 


For the ‘‘effective Coulomb radius” we get then the 
equation 


R R 
J varir=Riry= f uo’dr/r 


=In(8R/2)+C, (67b) 
n= 2/(By) = 2ro/ 37 = 0.374ro 
=0.374b =0.91 X10-* cm, (68) 


using b from (54b) and with y=e°. This gives 
instead of (64)—(65) 


gor’ = (2/D)[In(2b/D)-+3.903]=0.509, (69) 
gy = 1.014, (69a) 
— apy =0.517 X10” cm, (70) 


where the subscript Y stands for Yukawa potential. 

It is seen that the Yukawa potential gives a 
result somewhat closer to the neutron-proton 
result (66). This is in agreement with the result of 
Breit, Hoisington, Share, and Thaxton?®* obtained 
by explicit calculation of the nuclear potentials. 
However, the difference between the Yukawa and 
the square well results is not large, and, judging 
from Blatt and Jackson’s results for other phe- 
nomena, the other potentials commonly used 
(exponential and Gaussian) are almost certain to 
lie in between. This means, then, that there is a 
definite difference between the nuclear forces in the 
singlet state for neutron-proton and for proton- 
proton. This result follows also from the explicit 
calculations of Breit et al., if the modern value of 
the neutron-proton cross section, Eq. (20b), is used. 

On the other hand, the difference between 
neutron-proton and proton-proton force is ob- 
viously quite small, viz. about 0.1-0.16 X10" cm™. 
This figure might properly be compared with the 
reciprocal range of the forces which is about 
4X10" cm. In agreement with this, Breit et al. 
found that the difference between the depths of the 
two potentials (for the same range and shape) need 
only be 1.5-3 percent. Thus the hypothesis of the 
charge-independence of nuclear forces is still very 
good, provided, of course, that range and shape are 
the same for which, unfortunately, there is still no 
experimental proof. 


so that 


*® Breit, Hoisington, Share, and Thaxton, Phys. Rev. 55, 
1103 (1939). 


In (63), (68) we have used wave functions for 
infinite scattering length. For finite scattering 
length, the case of a square well can easily be 
treated and gives 


r, =0.43846(1+-0.114ab+-0.47107b?+---), (71) 


where 0 is the intrinsic range and a the reciprocal 
scattering length. Using a from (65) and b from 
(54a), gives for the parenthesis in (71) the value 
1—0.0065; an exact calculation gives 1—0.0072. 
Thus 7:/d is almost unchanged. However, 


ro/b~1—42—ab = 1.0640 (71a) 


differs appreciably from unity: This shows that it 
is indeed a much better approximation to use b 
in (63) than to use 79. Now a slight change in 71, by 
the relative amount e, will give a change of —a by 


— ba = (2¢/D)(1+2rigo’) =0.39= —0.0028 (71b) 


with the values of go’, r1, etc. given above. This is 
practically negligible and changes (65) to 


—aps=0.582 X10” cm—, (65a) 


For the Yukawa well, the approximate wave 
function 


u=1+ar—e* (72) 


gives 


r1=(2/By)[1 —0.245a/6 —0.05102/6°+ «+ «J, 

and £ is related to the effective range by 
Bro =3+4a/8. 

In our case, we get 


3rivy/2re= 1 — 0.067, 
b/ro=1—0.097, 
3rivy/2b = 1.033. 


(72a) 


(72b) 


(72c) 


The change of 7:1 with a, for given b, is therefore 
slightly greater than for the square well, and we get 


—da=0.0112, 


—a=0.529 X10" cm“, (70a) 


This makes the difference between Yukawa and 
square well somewhat smaller, the difference 
between the proton-proton and neutron-proton 
scattering somewhat larger. 

Finally, we shall compare the asymptotic wave 
functions with and without Coulomb potential, ¢ 
and wy (see Fig. 5). The Coulomb function looks 
fairly complicated, mainly because of its logarith- 
mically infinite slope at r=0; but all this complica- 
tion makes very little difference for the value of the 
function, owing to the very large value of the 
“proton Bohr radius” D which is about 20 times 
the effective range. With the constants as observed 
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(Eq. (55)), the function g has a minimum at 
’min = De = 0.216 X10-" cm, (73) 
where 


f=C+4f(0). (73a) 


The result(73) is about the Compton wave-length 
of the proton, k/Mc. At its minimum, ¢ has the 
value 


Pmin = 1 —e* =0.9925, 


which is very close to unity. 

The two functions ¢ and y are very close together 
for all values of r inside the range of the nuclear 
_ forces. Neglecting higher terms, 


¥=1+(2r/D)(¢+1n2r:/D), 
g=1+(2r/D)(¢+In2r/D—1), 
and the ratio is 
¥/~=1+ (2r/D) (Inri/r+1). (75) 


As is clear from the definition of r; in (59), the ratio 


(73b) 


(74) 
(74a) 


¥/¢ has a maximum at r=7; whose value is 


¥(11)/e(r1) =1+211/D 
= 1.040 for square well 
= 1.032 for Yukawa potential. 


(75a) 


At other values of 7, the functions are closer to- 
gether. This shows that it must be a very good 
approximation to replace g and w by yw and 4, 
respectively, in calculating 7:. Also it shows that for 
a given nuclear potential, ro and the correction P 
(see Section IV) must have substantially the same 
values as in the absence of the Coulomb potential, 
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A band system of He is described which has as upper state (20)? 12. Although this state has two 
electrons excited, its energy is about the same as that of the states with only one electron excited 
to a two-quantum state. The position of the lines and their intensities are very irregular. These irregu- 
larities, however, can be satisfactorily explained as being due to the interaction with the (1sa)(2se) 'Z 


state. 


I. INTRODUCTION 


N a previous paper! the system 2s !2—-2p'Z of 
the hydrogen molecule was discussed. The 
analysis of the upper state 2s 12, or more completely 
(1sc)(2sc) 12, revealed strong perturbations which 
could only be accounted for by the presence of 
another electronic state slightly above the 2s 12 
state. The nature of the perturbations showed that 
the perturbing state must be a !Z,+ state, with the 
same symmetry properties as the 2s'Z state. As 
all the low lying states of the molecule with one 
electron excited were already accounted for, this 
had to be a state with both electrons excited, and 
some arguments were given which made it prob- 

able that this hypothetical state was (2p)? !2. 
The existence of a doubly excited stable state 
with such low energy seems at first sight rather sur- 
* This paper was written in 1941, but its publication de- 


layed because of the war. It is presented in the original form 


with only minor revisions. 
1G. H. Dieke, Phys. Rev. 50, 797 (1936). 


prising, and it is, therefore, highly desirable to ob- 
tain further information concerning this state. 
So far the only evidence for its existence has been 
furnished by the perturbations in the 2s !B state. 
Naturally the situation would be strengthened a 
great deal if bands could be found coming from this 
(2p0)? = state. Such bands have been available since 
1937, but inconsistencies in their structure made 
some of them rather uncertain, so that they were 
not published. In the meantime, quantitative in- 
tensity measurements? in the infra-red have become 
available which make it possible in many doubtful 
cases to judge whether the bands are genuine or 
not. In this way the regularities previously found 
were sifted and amplified and they are now believed 
to be correct at least in their essential points, and 
they form the basis of the present paper. The 
evidence is derived entirely from the Hz spectrum. 
The analysis of the analogous bands of the HD and 


2 N. Ginsburg and G. H. Dieke, Phys. Rev. 59, 632 (1941). 





BANDS OF THE HYDROGEN MOLECULE 


TABLE I. The (20)? 12-20 !E bands. 








P Branch 
L 


Int. 


R Branch 


L 





AuPwWNHK OO ANP WNHK © 


13 596.22 
538.30 
468.33 
203.63 
093.58 


12 279.80 
225.62 


11 903.93 
802.56 


14 427.74 
345.48 
242.02 


13 171.89 
115.15 
038.58 

12 942.39 
827.40 
697.10 


11 892.05 
838.58 
766.81 
676.77 
569.37 
447.78 


10 646.78 
596.17 
528.65 
444.20 


15 723.84 
671.59 
607.90 
536.11 
459.58 
380.15 


14 407.45 
359.06 
300.97 
236.31 
186.66 
099.17 


13 654.36 
660.68 
470.36 
432.36 


12 157.77 


11 054.57 
064.42 
10 881.15 
853.44 


14 543.91 
537.97 
508.57 


13 225.51 
221.63 
196.21 


085.97 


11 944.05 
941.64 
919.62 
878.28 
820.39 


15 787.78 


802.73 
798.25 
787.78 


14 469.44 
483.86 
490.21 
491.35 
488.14 
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TABLE I.—Continued. 








P Branch R Branch 
L N » D L 





13 187.95 +0.01 13.2 
13 127.59 


082.44 t 213.58 —0.01 


029.18 
12 970.65 


11 941.21 
11 882.36 : ’ ’ 958.75 
840.07 . . 971.23 
791.00 . ; : 981.38 
738.17 r , . ’ 989.93 
684.77 ‘ 
631.89 


10 728.23 


10 670.63 747.08 
630.98 762.16 
585.78 776.20 
538.01 
490.78 
445.10 


AMP WHK © 


13 930.92c 
13 874.47 : d 937.85 
825.40c ; . 930.92c 
763.04 , ‘ f 911.13 
688.05 : . 881.42 
602.23 
508.78 


0 
1 
2 
3 
4 
5 
6 


11 471.22 


11 417.54 : : 480.94 
374.00 : ¥ 479.44 
319.72 467.80 
255.37 448.68 
182.40 (5) 

104.03 


An WHO 


10 291.29 
10 238.86 


197.70 f 303.32 


147.12 
087.39 


9 948.23 


17 802.57 


16 539.87 
489.99 
427.94 
354.65 


15 318.89 
15 259.98 


213.37 331.87 
156.19 
089.04 
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TABLE I.—Continued. 








v 





14 014.75 
13 971.02 
918.06 
856.41 


11 624.19 
585.61 
540.12 
488.30 


10 441.55 


14 072.15 
085.73 
089.44 


11 679.15 
695.31 
704.06 








Note: The initial vibrational quantum numbers are uncertain. 


* Not used for calculation of averages. 


D; molecules will probably clear up the points of 
uncertainty which still exist. 

In the meantime, shortly after the 2s' state 
had been analyzed, Richardson® published a num- 
ber of bands lying in approximately the right region 
of the spectrum, which he identified with the de- 
sired (2p0)? 12-2 !Z bands. In fact, he found two 
systems, the initial states of which he called 2(a) 
and 2(b). Both these systems were highly irregular, 
a fact which had to be expected, but which made it 
rather hard to judge whether the systems were 
genuine or spurious, especially when the only 
measurements available to him were rather inac- 
curate. To have two electronic levels appear where 
only one is theoretically expected is, as Richardson 
points out, somewhat embarrassing, but since 
nothing is known with certainty about the position 
of most of the levels with two electrons excited, 
both levels might well be genuine. Of the 8 vibra- 
tional levels which comprise Richardson’s two 
electronic states, one (V=x-+2 of E(a)) is identical 
with one of the vibrational states (V=4) of the 
present (2c)?'!Z; the rest are different. A careful 
scrutiny of the other seven vibrational levels with 
the help of more accurate wave-length and intensity 
measurements renders it probable that they are all 
spurious. 


*0. W. Richardson, Proc. Roy. Soc. A164, 316 (1938). 


II. GENERAL FEATURES 


The observed frequencies and intensities of the 
lines in the band system in question are given in 
Table I. The intensities are quantitative measure- 
ments? taken at pressures of 0.06 mm (Z), 0.2 mm 
(N), and 20 mm (A). When these were not avail- 
able, the usual estimated values are given between 
parentheses in column JN. 

In order to ascertain whether the regularities are 
real or perhaps only due to the accidental presence 
of several lines in approximately the right places, 
we can employ several criteria, of which the most 
direct and most accurate is the test of the combina- 
tion principle. 

The final state of the bands, 2p 'Z, is very well 
known from several band systems lying chiefly in 
the blue and violet.‘ The relative spacing of the 
various rotational and vibrational levels of this 
state is, therefore, known with great accuracy (to 
within a few hundredths of a wave number). 

As each rotational-vibrational level of the new 
electronic state combines with a number of 2p !Z 
levels, and the values of these 2p 'Z levels are ex- 
actly known, except for a common additive con- 
stant, we can calculate a value for the upper level 
from each line. If all the lines originating from one 
upper level yield values for this upper level which 


4See O. W. Richardson, Molecular Hydrogen and Its Spec- 
trum (Yale University Press, New Haven, 1934). 
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Fic. 1. Rotational levels of the V=2 states of 2s !12 and 
(2p0)? 1. The inner columns represent the unperturbed levels, 
the outer ones the empirical perturbed levels. Note that the 
order of the rotational levels in (2p0)? 12 is now 3, 0, 1, 4, 2. 


are identical within the limits of experimental 
errors, we have a good indication for the correct- 
ness of the classification. The greater the number of 
lines involved and the greater the accuracy of the 
measurements, the more certain one can be that no 
accidental coincidences play a role. 

From the average of the calculated values for 
the upper level, the individual lines originating from 
this level can then be recalculated and compared 
with the observed values. The differences between 
the observed and calculated wave numbers are 
listed in column D in Table I. It is seen that the 
agreement is very satisfactory throughout; the two 
lines for which the difference exceeds 0.1 cm are 
clearly blends.5 

The fulfillment of the combination relations is 
practically conclusive proof for the genuineness of 
the regularities. The interpretation of these regu- 
larities must be obtained from an analysis of the 
structure of the upper state and from the observed 
intensities. If both can be satisfactorily correlated 
with the known facts of the structure of the mole- 
cule, this forms additional evidence for the cor- 
rectness of the classification. 

As we anticipate that the bands are strongly 
perturbed, we cannot expect that the lines in one 
band will be very regularly spaced nor can we 


5 We can test in the same way the seven vibrational states 
of Richardson which do not fit into our scheme. Most of the 
wave-lengths which Richardson used are not accurate enough 
to make the agreement or lack of it mean very much. If, 
however, we substitute our own more accurate wave-lengths, 
big discrepancies show up. This, together with the erratic 
intensities and the unproportionately large number of blends, 
supports the view that these bands are not genuine. 


assume that the intensity distribution will be 
regular. 


Ill. PERTURBATIONS 


The presence of the new bands was suggested by 
the perturbations which the (2pc)?1Z level pro- 
duces in the 2s'Z state. The first test we should 
make, therefore, is whether the perturbations are 
actually accounted for by the interaction of these 
two levels. 

The type of perturbations with which we have 
to deal here has been called type B or vibrational 
perturbations.* The latter name is somewhat mis- 
leading, as in this type of perturbations, irregu- 
larities in the spacing of the rotational lines may 
also occur, and, as in the present case, may be the 
most conspicuous feature. Type B perturbations 
occur when the value A of the electronic moment 
along the internuclear axis is the same in both 
levels. The perturbations are due to the interaction 
of vibration and electronic motion. 

The perturbation function, i.e., the term in the 
Hamiltonian omitted in the approximate treatment 
of the problem is given by 


a 
Hoy = Bl (Me+ My)—2r— 
7 


bh 2r? ARI 
—r’——— ——]|RU, (1) 
or? R Or or 


where M; and M, are the components of the elec- 
tronic angular momentum perpendicular to the 
internuclear axis and ®, R, U the electronic, vibra- 
tional, and rotational wave functions, respectively. 

The part inside the bracket is not a function of 
the rotational coordinates. Therefore, we can 
integrate with respect to them and leave the rota- 





Fic. 2. Overlapping of the vibrational wave-functions for 
res ie states with V=2 of (1s)(2s) #2 (left) and (20)?! 
right 


6 The general theory of perturbations has been developed 
by Kronig and Van Vleck. For our present case see G. H. 
Dieke, Phys. Rev. 47, 870 (1935), where the same notation 
is used as here and where references to other papers on this 
subject are given. 
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tional part out of further consideration. The per- 
turbation matrix elements will not depend on the 
rotational quantum number. 

However, the dependence on the internuclear 
distance r is quite complicated, as besides R also 
& and B are functions of r. Little can therefore be 
said about the value of the interaction except in a 
few extreme cases. Let us call the interaction ele- 


ment 


s-f iH ped 


which does not depend on the rotational quantum 
number K but very decidedly on the vibrational 
quantum numbers V, and V; of the two perturbing 
states. 

If A is the distance between the two unperturbed 
states for K =0 then 


26=A+(B.—B;)K(K+1) 


is in first approximation the separation of the un- 
perturbed rotational levels. The energy shifts due 
to the perturbation referred to the lower of the pair 
of unperturbed levels is 


e=0F(S+ 6)}, (2) 


and therefore the distance between the perturbed 
levels 
d=2(S?+ 6)}. 


The value of d can be obtained as function of K 
from the empirical data as it is the distance between 
the actually observed levels. Therefore from three 
pairs of rotational levels the three constants A, 
B,—B2, and S can be obtained. If we take the 
values for K=1, 2, 3, which are best established, 
we obtain 


A=196.10, Bi—B2,=20.33, S=141.15. 


With these values of the constants the relative dis- 
tances of the levels for K=0 and K=4 can be 
computed and compared with the observed data. 


K=0 K=4 


Calc. 279.82 — 290.15 
Obs. 279.01 — 292.93 


Considering the approximations made in the calcu- 
lations the agreement is very good. 

Knowing now the constants for the perturba- 
tions we can calculate the unperturbed rotational 
levels of both states. The distances between the 
first four successive unperturbed levels of the V=2 
state of 2s 'Z turn out to be 


53.33 105.17 157.05 


which are as regular as can be expected. From these 
differences the values of B and D for the V=2 state 


0! 


=r 









































Fic. 3. Calculated intensities for the lines originating from 
the first five rotational levels of the V=2 vibrational state of 
(2p)? !1E. Abscissae are the unperturbed intensity ratios of the 
perturbing pairs. Ordinates give the perturbed intensities of 
one band in percent of the total of the perturbing pair. 
Experimental values + for 20, x for 2-1 band. 


of 2s 'Z are 
B=26.57 D=0.023. 


Not much importance should be attributed to 
the value of D, although it agrees exactly with the 
value derived from the unperturbed V=0 state. 
However, the value of B should be fairly accurate. 

Figure 1 gives the relative positions of the per- 
turbed and unperturbed rotational levels of the 
two electronic states. Note that in the perturbed 
(20)? !Z state the order of the rotational levels is 
quite anomalous, namely K=3, 0, 1, 4, 2. For an 
electronic state which interacts as much with other 
electronic states as the 2s'2 state we must be 
careful what significance we should attach to the 
value of B found above, and in general to the rota- 
tional and vibrational constants. 

Such constants are commonly used to calculate 
a potential curve, and such a curve is then com- 
pared with theoretical calculations done, e.g., 
after the method of James and Coolidge. This cal- 
culated potential curve is found by neglecting com- 
pletely the influence of rotation and vibration of 
the nuclei, i.e., the interaction of different elec- 
tronic states which is caused by the presence of 
rotation or vibration. If we want, therefore, to 
compare the empirical with the theoretical curve, 
we must be sure that all influence of the interac- 
tion is eliminated from the former. That has been 
done for the large interaction of the 2s'Z (V=2) 
with the (260)? 12 (V=2) level. However, this level 
is also influenced, though to a much smaller extent, 
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by the other vibrational levels of (2p0)?!2. The 
magnitude of this influence can be roughly esti- 
mated in the following manner: 

If 6>>.S we obtain for the perturbation 


S? S? 
28 -A-+(B:—B,)K(K+1) 
S(B,—B,)K(K+1) S? 


A? A 








The change in the apparent value of B is, there- 
fore, S?(B2—B,)/A? which will give about 0.4 cm= 
with the values found for S and B,—B, and with 
A=1000. The levels which lie even higher will 
contribute less. If we had a series of levels at equal 
distances of 1000 cm! above the level under con- 
sideration the result of the joint action would be 
obtained by multiplying the influence of the nearest 
level by 2(1/n?) = (1?/6) = 1.64. 

This calculation can, of course, give only a rough 
idea of the influence of the other vibrational states. 
The value of S may be quite different for the indi- 
vidual pairs of interacting vibrational states, but 
the order of magnitude will probably remain the 
same. We may expect, therefore, that the value of 
B, for 2s1Z is correct to within about one wave 
number and that the true value for the unperturbed 
state will be probably slightly higher. 

The value for B for (260)? !3 is B=6.24 which is 
the smallest ever observed for a Hz state. The effec- 
tive internuclear distance is r=2.31A (normal state 
0.749A). This large internuclear distance agrees 
very well with the interpretation of the new state 
as one for which both electrons are excited to a 
2po state. The order of reliability is the same or 
better than that for the 2s !Z¢ state. 

The perturbations of the higher vibrational levels 
cannot be evaluated so easily as they cannot be 
considered in first approximation as arising from 
only one pair of perturbing levels. 


IV. THE VIBRATIONAL QUANTUM NUMBERS 
OF (260)? 15 

As it is almost certain that the matter of the 
assignment of vibrational quantum numbers to 
the new state can be settled definitely with the 
help of the equivalent bands of HD and Dz» which 
are not yet sufficiently analyzed, only a few re- 
marks may suffice here. 

The most obvious thing would be to assign to 
the lowest observed vibrational level of (20)? !2 
the quantum number V=0. However, there are 
several objections to this. 

1. In the first place there seems to be a small 
though distinct perturbation in the V=1 level of 
2s'1Z which would remain unexplained if there 





would be no vibrational level of (2p0) 12 below the 
lowest observed one. As the spacing of the vibra- 
tional intervals of (20)? !Z is much narrower than 
that of 2s! we must expect that the vibrational 
level of (2pc)?!2 with V two units lower than the 
lowest observed one must be responsible for this 
perturbation. If we assume this is actually the 
lowest vibrational level we obtain the vibrational 
numbering employed in this paper. However, there 
is no certainty that even what is called here the 
V=0 level is actually the lowest vibrational level, 
so that the vibrational quantum numbers might 
have to be revised by one or two units. 

2. I have searched for bands arising from the 
V=0 and V=1 levels of (20)? 12 but without suc- 
cess. This is not surprising as according to the 
Frank Condon principle these bands should have a 
very low intensity. The fact that the bands orig- 
inating from V=2 are so relatively strong is en- 
tirely due to the fact that the interaction of this 
state with 2s12 gives to this level some of the 
properties of the 2s‘! state which combines very 
strongly with the final state 2p0 '. That this inter- 
action is responsible for this is proved by the very 
abnormal rotational intensity distribution (see 
Section V). . 

3. Although a quantitative evaluation of the 
perturbation matrix (1) is not feasible, we can say 
that, unless there is a definite overlapping of the 
vibrational wave functions of the two states, there 
can be no appreciable perturbation. The approxi- 
mate vibrational wave functions have been drawn 
in Fig. 2 under the assumption that the per- 
turbing (20)? !2 state has V2=2. 

Figure 2 shows that if we would disregard the 
evidence of the small perturbations’ in 2s 12 (V=1) 
and take the lowest observed level of (2p0)? 12 to 
have V=0, the overlapping of the two wave func- 
tions would be insufficient to account for the very 
strong perturbation. Of course, the figure cannot be 
trusted quantitatively but should give an adequate 
qualitative picture. The overlapping increases as the 
vibrational quantum. numbers increase. 

Figure 2 shows that both the facts that we have a 
very small perturbation in the V=1 level of 2s '!2 
(Vi=1, Ve2=0) and a strong perturbation in the 
V=2 level (Vi=2, V2=2) are in agreement with 
our choice of vibrational quantum numbers. 


V. INTENSITIES 


The intensities in the new bands appear to be 
very irregular but we shall see that these irregu- 


7It is true that this level is involved only in one observed 
band (1-+0) which makes it less easy to be sure of the correct- 
ness of the rotational levels than if several bands issuing from 
this level could be observed. However, the 1-0 band is very 
strong and there seem to be no alternate lines in the region in 
question. Therefore, the existence of the perturbation in the 
V=1 level of 2s '= must be considered as well established. 
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larities can be entirely accounted for by the 
influence of the perturbations at least for the bands 
having V’=2. As only for this level the perturba- 
tions can be regarded on first approximation as 
being due to a pair of interacting states, we can 
make reasonable calculations only for the bands 
originating from it. Even in this case we must not 
expect exact quantitative agreement because of the 
approximations discussed in Section III. 

If J, and J, are the intensities of a pair of un- 
perturbed lines the intensities of the perturbed 
lines are 


2 


+ 


I.= 
S+é 


€ 
I,)'——(I2)#)? 
(11) a )4) 


(3) 


Ih= 
S+eé 





I.) <1)» 
(( ae iil 


if W:°< W,°. The signs of the second term are re- 
versed if W1°> W,?. 

In this expression all quantities are known, ex- 
cept J:/I:. For comparison with the experimental 
data the dimensionless quantity 


€ 
1--(1;/I2)3 
Ts Ss 1 2 


hth S+é 14+h/Is 


is more convenient. It is represented in Fig. 3 as 
function of Z;/ZI2 on a double logarithmic scale for 
the first five lines of the P-branch. The five values 
lying along one vertical represent the intensity 
distribution in a band with that particular value for 
I,/I;. Without a perturbation the five values should 
be identical and equal to (1+J;/J2)—!. The dotted 
curve in the upper part of the diagram represents 
this distribution. We see that for some values of 
I,/I, the actual intensities are lower than the un- 
perturbed ones, for others they are higher. The 
intensity changes produced by the perturbations 





are by no means small. Changes by a factor 100 or 
more may easily occur. 

The difference of the curves for K=0, 1, 2 with 
those for K=3, 4 is very striking. The former go 
down to zero for a definite value of J;/Z2 due to the 
fact that the amplitudes are subtracted, whereas 
the K =3, 4 curves have their amplitudes added and 
reach 100 percent for certain J;/J_ values. The 
curves here drawn are those for one of the per- 
turbed levels. According to (3) the other members 
of the pair will be always of the opposite type. 

When curves like Fig. 3 are drawn the experi- 
mental values can be plotted in the curves so that 
they give the best agreement. This will determine 
the values of J:/Z2 for the band in question. For the 
2—0 band we obtain J,/J2=15, for the 2-1 band 
I;/Iz=3.5. The order of magnitude of these values 
is in agreement with the Franck Condon principle. 
The agreement between calculated and observed 
intensities is as good as can be expected from the 
approximations made in the calculations and the 
uncertainties of the experimental values. Most of 
these are derived from only one measurement and 
there is always the danger of blends. 

We notice the following peculiarities : 


1. Two ordinary bands originating from the same upper level 
should have the same intensity distribution, i.e., we shouid be 
able to obtain the intensities of the second band by multi- 
plying those of the first by a constant factor. We see that there 
is nothing like this here. Whereas P(2) and P(3) are much 
stronger in 2—+0; P(4) is about twice as strong in 2-1. In 
fact we see that the intensity distribution in neither band is 
anything like normal. 

2. The intensity ratios R(K-—1)/P(K+1) are within the 
limits of experimental errors the normal values for a [>= 
transition no matter how irregular the intensities of the indi- 
vidual lines themselves are. This must be the case for all 
vibrational perturbations. 

3. The intensity distribution of J,+J, is more or less that 
of a normal band as it should be as this sum, according to (3), 
must be independent of the influence of the perturbations. 

4. While, therefore, the intensities within one band are very 
irregular, they can be perfectly explained theoretically. This 
adds weight to the interpretation of the bands advanced in 


this paper. 
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Formulas for the differential cross sections for the continuous y-emission accompanying proton-neutron, 
proton-proton, neutron-neutron collisions have been derived. Numerical results are given for an incident 


nucleonic energy of 250 Mev. 





HE operation of large synchro-cyclotrons and the 
improvements in the methods for detecting ener- 
getic y-rays create an interest in the photons accom- 
panying high energy nuclear collisions. When a nucleon 
of several hundred Mev hits a nucleus, one or more 
nuclear ‘y-rays (of several Mev) will, in general, be as- 
sociated with the nuclear transmutation. If the nucleon 
produces a neutral meson which immediately disinte- 
grates into two or more photons, a second source of 
-rays will be present. In this note we wish to consider a 
third source of --rays which must inevitably accompany 
individual nucleon-nucleon collisions (and therefore the 
collision of a nucleon with a nucleus). 

The process in question is the bremsstrahlung arising 
from the coupling of the nucleons to the electromagnetic 
field (through the charge and magnetic moment of 
the proton and the magnetic moment of the neutron) 
and the nuclear interaction between the nucleons. The 
continuous spectrum of y-rays which results has a maxi- 
mum energy (in the center-of-mass system) of one- 
half the energy of the incident nucleon so that for inci- 
dent nucleonic energies of several hundred Mev, an 
appreciable fraction of the y-rays will be more energetic 
than nuclear y-rays. The magnitude of the photon cross 
section should be of the order of the fine structure con- 
stant times the elastic scattering cross section for the 
nucleons. This rather small cross section is, however, 
comparable to the cross section for specific high energy 
processes (such as the production of neutral mesons at 
energies just above the threshold) and it seems worth 
while to perform an approximate calculation of the 
bremsstrahlung. This calculation will enable one to sub- 
tract out the continuous y-ray background in looking 
for new effects and, in addition, the measurement of the 
continuous spectrum itself may throw some light on the 
nature of nuclear forces. 

In order to obtain a-first orientation and to eliminate 
unnecessary (and unknown) complications, we restrict 
ourselves to energies of the nucleon below the threshold 
for production of 7-mesons (i.e. 290 Mev). We therefore 
do not concern ourselves with the continuous spectrum 
of -rays accompanying z-meson emission.! Moreover, 
we use the phenomenological theory of nuclear forces so 
that we need not consider virtual meson processes. In 
particular, the nuclear potential is chosen so as to give 


1 See S. Hayakawa and S. Tomonaga, Prog. Theor. Phys. 2, 162 
(1947); L. I. Schiff, Phys. Rev. 75, 1459 (1949). 


the best fit to the Berkeley neutron-proton scattering 
experiments at 90 Mev.? Since the energies we consider 
are large compared to the magnitude of the nuclear 
potential, we employ the Born approximation. At the 
same time, since our energies are smal]] compared to the 
rest energy of the nucleon, we treat the nucleons non- 
relativistically.* For the coupling of the nucleons with 
the electromagnetic field, we therefore write 


H=—(e/Mc)p-A—(upop+unon)-curlA = (1) 


where # is the momentum of the proton, A is the vector 
potential, and up, uy are the magnetic moments of the 
proton and neutron respectively ; the other symbols have 
their usual significance. We expand A in the usual way 
(the normalization is for unit volume): 


A= (2r)*hc Yo [e/ (wx)! Je®*/*(a.+-0_4*) 


where & is the momentum of the photon, w,=ck, ¢ its 
polarization and @ and a* are creation and destruction 
operators respectively. For the nuclear potential‘ we 
write 


A7!=1.18-10-! cm 
g1=0.280hc (2) 
g3=0.404hc 


(1+P») e-* F 
V(r) =———¢; with 
2 


r 


where Py is the Majorana operator and g; and g; refer to 
the singlet and triplet states respectively. " 

We first calculate the cross section for continuous 
‘y-emission accompanying a proton-neutron collision and 
then the cross sections for proton-proton and neutron- 
neutron collisions. The y-emission takes place through 
one intermediate step: either the proton or neutron 
emits the y-ray and is then scattered by the other 
nucleon or the scattering occurs first and the y-ray is 
then emitted. The total matrix element can be written 


H’=>-[HaVrr/(Ea—Er) 
+VarrHirr/(Ea—En)], (3) 


2 R. Christian and R. Serber, private communication. 

3 We use exactly the same approximations as were used by one 
of the authors in calculating the cross section for meson production 
just above threshold (see L. L. Foldy and R. E. Marshak, Phys. 
Rev. 75, 1493 (1949)). 

4 We calculate with the central force fit of the 90 Mev neutron- 
proton scattering experiments since only the angular distribution 
of the y-rays, not the magnitude of the cross section, will be 
affected by tensor forces. 





BREMSSTRAHLUNG 


where A, F refer to the initial and final states respect- 
ively, and J, II refer to intermediate states corre- 


sponding to transitions of the first and second types” 


respectively. If po and — po denote the initial momenta 
of the proton and neutron respectively (in the center of 
mass system) and p—k/2 and (—p—k/2) their re- 
spective final momenta, the differential cross section 


becomes ; 


P 
dgNP= H’ |*)\k*dkdQ.dQ». 4 

maa pAlU abd, 
In Eq. (4), the brackets around | H’|* denote the average 
over the initia] spins of the nucleons and the summation 
over the polarization of the y-ray and the final spins of 

the nucleons; the meaning of dQ and dQ, is clear. 
Since we are including the magnetic interaction, we 
must distinguish the transitions corresponding to the 


different spin states. If we choose the axis of spin | 


quantization as (kX), we get for the six possible transi- 
tions (we omit the common factor (27)!hc/w,3): 


H’=e/Mc(po— p) 
-eL V9 —P + Vg +r™ ], 


H’= —ik/h(up— uw) 
x [ (Veo —p)+ Vp +p“) 
— (Vio —? + Vivo +p) ], 


H’=e/Mc(po— p) 
d e[ Vo —p® + Vppo +p® ], 


H’=same as (5c), 
H’=negative of (5b), 


x-19—x_1® : H’=same as (5c). 


KV : 
(Sa) 


x2 x ° 


(Sb) 
X19 x1 : 
(Sc) 
(Sd) 


(Se) 
(Sf) 


In the above expressions, x“ and x are the singlet and 
triplet spin functions respectively, the subscript on 
x® denoting the magnetic quantum number and 
Vp= SV (r)e®*/*dr, the superscript on Vp specifying 
singlet or triplet scattering ; we have neglected both the 
nucleonic recoil energies in the energy denominators and 
k/2 compared to pop in the Fourier transforms of V, 
consistent with our non-relativistic approximation. 
Since the four spin functions are orthogonal, the electric 
and magnetic transitions do not interfere, and we find 


(|H" |?)= 20 /onU?[(up—pw)(1— 8)? 
+ (Ch? /4Mw,2) (+3) (po? sin?0o+ p* sind 
—2ppo sin sin8 cos(¢o—¢)) ]. (6) 


In Eq. (6), we have set U=(Vro-p®+ Vro+r) and 
5=gi/gs; the angles (8, do) and (6, @) are the polar and 
azimuthal angles of po and p with respect to kas z-axis. 

If we now insert the expression for (| H’|?) into Eq. (4) 
and perform the integrations over dQ, and dQ, we ob- 
tain the differential cross section for y-emission irre- 
spective of the angle of emission of the y-ray and the 
final directions of the two nucleons, namely (p is meas- 
ured in units of po): 


dgNP=do,N?+da,%?, (7) 


where 


dest?=(—)(=) 43 20.» (7a) 
3\he Cho 


2 
don¥? =2(up—pn)*——(1—8)*M(p)dp 


7b 
(he) (7b) 


with 





prt p?) 2 
E = 
(p) l 


(1—p*) ([A*+(1—p)* [47+ (1+ 9)"] 


! N+ (1p) 
4 los |}: (7c) 
woeritp) L419)? 


(1—p*)? 
M(p)= E(p). 
p aap? (p 


The dimensionless quantity called in these formulas is 
the of Eq. (2) measured in units of o/h; d” is therefore 
inversely proportional to the energy of the incident 
proton. 

For the electric emission Eq. (7) leads to a 
(E/2—ck)idk/k spectrum for the y-rays near the upper 
limit Eo/2(Eo/2=p?/M is the energy of the incident 
proton in the center of mass system). For the magnetic 
emission the spectrum is (Eo/2—ck)!kdk near the upper 
end. With the constants chosen for the nuclear po- 
tential, however, the magnetic contribution is only a few 
percent of the electric for the VP collision. From Eq. 
(7c) it appears that near the upper end of the spectrum 
(p<1), E(p) is relatively insensitive to the energy of the 
incident proton; this will be true provided that the 
deBroglie wave-length of the incident proton is appreci- 
ably smaller than the range of the nuclear forces. In this 
case the c1oss section for emission of a y-ray in any given 
fractional energy range will vary inversely with the 
energy of the incident proton. 

In order to obtain the cross sections for y-emission 
associated with proton-proton or neutron-neutron col- 
lisions, we observe that the potential represented by 
Eq. (2) is zero for states of odd angular momentum so 
that only singlet even states contribute to the scat- 
tering. Consequently, the only terms which contribute 
in Eqs. (5a)—(5f) are the ones which involve the Vs. It 
can easily be shown that if we take each non-vanishing 
term in Eqs. (5a)—(5f) and multiply by 2, we get the 
same result as we would get by using properly antisym- 
metrized wave functions for the two like nucleons. For 
the y-emission accompanying a proton-proton collision, 
we find for the differential cross section 


daPP=do,PP+daom?? (8) 





(7d) 


where 
do.PP=[48/(8+3) |ldo.¥?, 
dom? ? =[40up?/(1—5)*(up— pn) dom” ?. 


For the y-emission accompanying a neutron-neutron 
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collision, we find 
doNN =(un/pp)*dom??. (9) 


It is interesting to compute the total cross section 
corresponding to a finite range of y-ray energies. If we 
take E>=250 Mev (the energy of the protons from the 
Rochester cyclotron), we obtain oV?=0,28-10-9 cm’, 
ao? P=0.23-10-*? cm? and oY¥=0.038-10-* cm? for 
y-rays with energies from E/4 to Eo/2 in the center of 
mass system. In the laboratory system this covers the 
energy region 85-170 Mev for 7-rays in the forward 
direction and 45-90 Mev for y-rays in the backward 
direction. These cross sections predict therefore about 
one high energy y-ray per 10,000 elastic collisions. If the 
nucleon collides with a nucleus, the nuclear cross section 
for bremsstrahlung should be, to a good approximation, 
the sum of the individual nucleon-nucleon cross sections. 

It is also interesting to note that in our non-relativistic 
approximation a pure Majorana nuclear force would 
lead to exactly the same result as a pure ordinary force. 
Both would lead to a constant times the first term in 


E(p) and M(p); the interference between the Majorana 
and ordinary forces leads to the logarithmic term in 
'E(p) and M(p). Examination of E(p) and M(p) also 
reveals that the result is fairly insensitive to the range of 
nuclear forces; as a matter of fact, if we set A=0 
(infinite range), the cross section is only increased by a 
factor 2.5. This shows us at the same time that the 
bremsstrahlung arising from the Coulomb force be- 
tween two protons is down by a factor of 1/2.5(g1/e)' 
~ 600 compared to our cross section. 

After our calculation was completed, two papers? on 
the same subject came to our attention. Both papers 
study the continuous y-emission accompanying low 
energy neutron-proton collisions (below 20 Mev) 
through the use of the low energy scattering phase 
shifts. This work was supported by the joint program of 
the Office of Naval Research and the Atomic Energy 
Commission. 


5Y. Nishina, S. Tomonaga, and H. Tamaki, Sci. Pap. Inst. 
Phys. Chem. Res. Tokyo 30, 61 (1936); M. Krook, Proc. Phys. 
Soc. (London) 62, 19 (1949). 
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Main consequences of the two-meson theory by Marshak and Bethe on the one hand and that by 
Sakata are compared with experiments concerning z- and yu-mesons. It is shown that the pair type 
interaction between 7-mesons and nucleons in ‘‘M. B.”’ theory contradicts with frequent occurrence of 
stars produced by z-mesons, whereas the assumption in Sakata theory that x-mesons with spin 0 or 1 
are responsible for nuclear forces does not. Although the smaller range for the nuclear forces thus ob- 
tained from the latter theory is not at variance with the high energy neutron-proton scattering 
experiment, deuteron quadrupole moment cannot be accounted for by a z-meson field alone, so that 
the admixture of another meson field with larger range is necessitated. Both x-u-decay and u-nuclear 
capture can be consistently accounted for by assuming spin } for u-mesonsas in Sakata theory. However, 
nuclear 8-decay and y-8-decay have to be considered as direct processes as in Fermi’s theory of 
8-decay, instead of indirect processes through virtual emission and absorption of x-mesons as assumed 


usually in the meson theory. 


HE recent investigations on cosmic rays by 
Powell and his co-workers have established 
the facts that there exist two groups of different 


1 Originally reported at the Annual Meeting of the Physical 
Society of Japan at Kyoto University, May 23, 1948. When 
we had sent the report dated August 1, 1948 to Professor 
J. R. Oppenheimer, he was kind enough to inform us of the 
new experimental results at the California Cyclotron and ad- 
vised us to rewrite our report on his information. This is the 
revision based on the new experimental evidence. We should 
like to thank Professor Oppenheimer heartily for his kindness 
and valuable suggestions. 


mesons, i.e., heavy mesons (z-mesons) and light 
mesons (u-mesons) and that the former transmute 
into the latter by emitting a neutral particle. 

The theory which involves two mesons of this 
sort had already been proposed theoretically in 
1942 by Sakata and Tanikawa, in cooperation with 
Inoue and Nakamura.” They introduced two kinds 
of mesons, light and heavy ones, in order to solve 


2S. Sakata and T. Inoue, Prog. Theo. Phys. 1, 143 (1946); 
S. Sakata, Symposium on the Meson Theory at Tokyo, 1943. 
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TABLE I 








Quadrupole 
moment 


*Q(10727 cm) 


0.696 
1.344 
1.64 
1.87 
2.14 
2.53 


Cut-off radius 
xo(10-8 cm) 


0.32 
0.37 
0.69 
0.82 
1.10 
1.28 


Ordinary force Tensor force 
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the difficulties of the meson theory which make the 
quantitative connection between the nuclear forces, 
beta decay of nuclei, and the scattering and the 
decay of cosmic mesons unsuccessful. 

In 1947 in the light of the new knowledge ob- 
tained concerning the absorption and the decay 
of cosmic mesons stopped in matter, preliminary 
reports by Powell and his co-workers, and the vari- 
ous cosmic ray evidences observed, Marshak and 
Bethe? proposed a two-meson theory. Their 
schemes, however, coincide in most parts with those 
of Sakata’s, and the only difference between them 
seems to lie in that “‘M.B.’’* assumed a pair theory 
for nuclear forces, while in Sakata’s theory nuclear 
potentials were supposed to be Yukawa type. In 
the present stage, we can decide which theory is 
preferable in view of the experimental. evidences 
found by Powell and his co-workers.‘ 

As mentioned above, the interaction between 
nucleons (n=) and pi-mesons (7) in M.B. theory 
is of a pair theory type. Thus, if we denote the 
neutral particle, or M.B.’s neutrino, by », this inter- 
action may be written as follows: 


(I) N-P+2+p 
while in Sakata’s theory, it is 
(I!) N—-P+7. 


(M.B.) 


(S.) 


Secondly, the interaction between z-mesons and 
u-mesons is just the same in both theories, 


(I) (M.B.) and (S.) 


Now the interactions between y-mesons and nu- 
cleons is given in M.B. theory 


(Il) P+ypor+v+P-N 
whereas in Sakata’s theory 
(III’) P+y>r+v+P-N+>. (S.) 


From these illustrations one can find that although 
the process (II) coincides in both theories, (1) and 
(III) will lead to different results. Here the most 
recent reliable values for the masses of new found 


Tut vp. 


(M.B.) 


2 R. E. Marshak, and H. A. Bethe, Phys. Rev. 72, 506 (1947). 
We denote Marshak and Bethe oo throughout this paper. 

‘C. M. G. Lattes, G. P. S. hialini, and C. F. Powell, 
Nature 160, 453, 486 (1947). 


particles are given by Berkeley experiments as 
follows :5 


m,=286m, m,=216m, m,=0 


where m,, m,, and m, are the masses of x-meson, 
u-meson and the neutral particle, respectively, m 
being the mass of an electron. 

Now we first discuss the absorption of 7-mesons 
by the nucleus. In Sakata’s theory, the whole 
energy of x can be transferred to the nucleus which 
amounts to 286m=140 Mev, enough to admit a 
nuclear star formation subsequently. Moreover, 
the disintegration energy thus estimated agrees 
satisfactorily with the conclusion that Lattes and 
others have obtained by comparing their results 
with the disintegration experiments of nuclei bom- 
barded by 200 Mev deuterons. M.B. theory, on the 
other hand, predicts that a r-meson may be ab- 
sorbed by the nucleus with simultaneous emission 
of a neutrino. If we confine ourselves to the simple 
case where a free proton absorbs a m-meson and 
emits a neutrino, it will be easily seen by the con- 
servation law for the energy and momentum that 
the mass energy of z-meson, being equal to 140 
Mev, is carried away by the neutrino and there 
remains little energy to be shared by the proton. 
Actually the binding energy of a proton in the 
nucleus is known to be small compared to the mass 
energy of a m-meson; hence we may roughly ap- 
proximate it as a free proton. Therefore, if we 
apply a consideration similar to the photo-effect 
concerning the center of gravity of the proton and 
the neutrino, the residual nucleus will obtain little 
energy in this process and the excess of the 7-meson 
will be carried away by the neutrino, which pre- 
cludes definitely the possibilities of subsequent 
nuclear star formation. For this reason we may 
conclude that M.B. theory could not accord with 
Bristol’s experiments. 

Next, we shall discuss the case of (III) and 
(III’). The disintegration of a nucleus by u-mesons 
has been scarcely observed so far. It is easily seen 
that M.B. theory encounters difficulties in ex- 
plaining this fact if we note that in M.B. theory 
the nucleus would absorb the whole energy of a 
u-meson, including its rest mass energy, m,=216m 
108 Mev which can only be released by a nuclear 
star. On the other hand, Sakata’s theory predicts 
that one neutrino should be emitted by the absorp- 
tion of a u-meson and if, in this case we take into 
account the above consideration in the case (I’), 
it would be clear that the neutrino would carry 
away the greater part of the incident energy. We 
can thus conclude that star type disintegration of 


5 E. Gardner and C. M. G. Lattes, Science 109, 270 (1948). 
We owe the knowledge of the precise value of the neutral 
particle to Professor Oppenheimer. 
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nucleus by the absorption of u-mesons is forbidden 
in Sakata’s theory. 

The above discussions indicate that Sakata’s 
theory must be preferably chosen for the two- 
meson theory. 

As for the nuclear problems, some questions have 
arisen in the two-meson theory. It is easily seen 
that only z-mesons play a role in the nuclear forces 
since the coupling between nucleons and y-mesons 
turned out to be negligibly small as estimated by 
the capture lifetime of yu-mesons by the various 
nuclei. The range of nuclear forces, however, 
carried by z-mesons stretches only 1.35 X10—* cm 
which is shorter than the usually adopted value, 
2.5~2.8 X 10-18 cm. Some of the recent experiments 
on ~—p scatterings® seem not to be at variance 
with this reduced force range. 

We investigated the deuteron problem by the 
two meson theory indicated. For the nuclear po- 
tentials we assumed a most general type (sym- 
metrical) : 


V(x) = $3 (41-42) {a+b(o1- 2) 
+fS12(1/x?+ 1/x+3)} (e*/x), (1) 


where Sj. is a tensor operator and h, c, and m, are 
put to unity. To avoid 1/r* divergence we resorted 
to the zero cut-off procedure. The result is shown 
in Table I. The above figures are so determined as 
to give the binding energy of the ground state to be 
2.17 Mev and D-state probability 4 percent for 
the deuteron. The results from the vector or pseudo- 
scalar fields correspond to values somewhere be- 
tween the first and the second column. It is seen 
that if the correct value, 2.75107" cm? is to be 
assigned for the quadrupole moment (Q), the cut- 
off radius must be taken longer than the force 
range itself, i.e., 


g=4, f=4 (which corresponds to 0.6 for the 
dimensionless coupling constants 
in the usual notation) 


xXo= 1.28. 


In the reasonable cut-off distances, Q is much 
smaller than the correct one. The undesirable 
reduction of Q seems to be caused by the deficiency 
of the tensor part at the outer region of the force 
range. To ascertain that there are no ways of 
escape, we tried the limiting case. Following 
Foldy’s method,’ where the effects of the tensor 
force reach to the longest distance, we get the 
value 1.50X10-*” cm? for the quadrupole moment, 
still too small to accept. Consequently, one may 
conclude that m-mesons only cannot reasonably 

6 Lavatelli, Long, Snyder, and Williams, Phys. Rev. 72, 1147 
(1947). C. G. Shull, E. O. Wollan, G. A. Morton, and W. L. 


Davidson, Phys. Rev. 73, 262, 842 (1948). 
7™L. I. Foldy, Phys. Rev. 72, 125 (1947). 
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explain the deuteron problems. In this situation it 
seems to us inevitable that a mixture of fields with 
different force range should be introduced. Possi- 
bilities of such forces are now being studied. One 
suggestion may be a nuclear field carried by 
m-mesons mixed with a third meson which is 
heavier than x-mesons, while another is a charged 
meson field with range 1.35 X10-!* cm mixed with 
a neutral vector field with range 2.5~2.8 K 10-8 cm. 

As for the new-found particles, the r-meson and 
the u-meson, it is rather essential to assign them 
the field type more precisely. For one thing the 
most recent experimental values for the lifetime of 
mw-mesons for s—y decay® 


Tru = 0.85 X10-* sec. (2) 


and the lifetime of u-mesons in the K shell for the 
nuclear capture by various nuclei,® for instance, in 
the case of Z=10 


Tycap. = 3.1 > 4 10-6 sec. (3) 


may certainly serve to solve this problem. On ac- 
count of the above discussions, it may be natural 
to assume z-mesons as Bosons. In view of the re- 
sults of Christy and Kusaka!® concerning the 
cosmic-ray analysis, the spin of u-mesons should be 
(1/2)4 or 0. We first investigated tentatively the 
case, m-mesons: spin 1% (vector symmetrical), and 
u-mesons: spin (1/2). Calculated lifetime of 
m-mesons for r—y decay is given as follows: 


1/Teyp= (mxc?/3h)(2(y1?/hc) + y2"*/hc) 


X (1—#)?(1+ @), 6=m,/ms (4) 


where y12/Ac and y2?/hc are the dimensionless 
coupling constants between 7 and u. Inserting the 
experimental values of (2) in it, one may estimate 
the r—y coupling, 


72=0, ¥1?/he=2.9XK10-", 
720, y2?/hc=5.8X10-. (5) 


(a) 710, 
(0) 1 0, 


Fic. 1. 


8 Professor E. Gardner has kindly informed us, in response 
to our request, of the experimental results which were recently 
investigated at Berkeley. We are benefited so much by his 
kind information, and we should like to express our many 
thanks to Professor E. Gardner. 

®M. Conversi, E. Pancini, and O. Piccioni, Phys. Rev. 71, 
209 (1947). 

10R. F. Christy and S. Kusaka, Phys. Rev. 59, 414 (1941). 
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The absorption of the y-meson in the K shell can 
be calculated in just the same way as in the K elec- 
tron capture. Inserting the corresponding values in 
Yukawa-Sakata’s formula! for the K _ electron 
capture, we get 


1 ees An(aZ)%+1 
args To To2 T'(2s+1) 


(2m,c?ro) 2? 


(AW +5s)?, 


assumed s = (1—a?Z?)!, (6) 


86° m meet 
* Tv 


_ ae (= “*) (=). 
To2 


ols Ma= f vagdu. 


where ¥* and ¢ are the nuclear wave functions 
after and before u-meson capture, respectively. The 
Z-dependence of 1/vycap. given in (6) is not at 
variances with the experiments.® Using the value 
for Tyeap. given in (3), with the help of (5), we find 
the following values for the nucleon-r coupling 
multiplied by the nuclear matrix elements for the 
u-meson capture, 


ki = g1"/he J vreau = 0.094, 


(7) 


ko = g2"/he fvraedu =0.035. 





In the case of the pseudoscalar 7-meson, we have 
estimated them in the analogous way, using 
Nelson’s formula” 


v3°/hc=1.8X10-%, 
(8) 


2 
k3= g3"/he Jf vroodu =0.5 


where 3?/fc and g;?/fc are dimentionless coupling 
constants between pseudoscalar m-mesons and 
u-mesons, or nucleons, respectively. In (8), it is 
seen that the values of «’s in the pseudoscalar 
theory of r-mesons is about ten times greater than 
those in the vector theory. Therefore, we could 


1H. Yukawa and S. Sakata, Proc. Phys. Math. Soc. 
Japan 17, 467 (1935); 18, 128 (1936). 
E. C. Nelson, Phys. Rev. 60, 830 (1941). 


determine which of the field types may be 
preferable for m-mesons, if we know the nuclear 
matrix elements for u-meson capture, the estima- 
tion of which will be published later. In view of the 
relation | f\y*ogdu|*<1, the value followed from 
the pseudoscalar theory would be g;?/hc>0.5, 
rather too large to accept, which may exclude the 
pseudoscalar theory of r-mesons in our preliminary 
estimations. 

For the interaction of m-mesons and yu-mesons 
with light particles, there appear other questions 
for the two-meson theory. If we assume that the 
beta-decay of nucleus takes place through z-mesons, 
computed lifetime of the beta-decay of +-mesons 
becomes tzg=6~2X10-° sec. which is faster than 
the lifetime of -mesons for r—y decay given in 
(2). Consequently, we should be forced to forbid 
m-mesons to contribute nuclear beta-decay except 
for the forbidden transitions, and essentially may 
rely on Fermi theory. 

Next, if the beta-decay of u-mesons through 
mw-mesons is assumed, the estimated lifetime of 
a-mesons for their beta-decay would be too fast to 
accept. For this reason, we have assumed that the 
beta-decay of u-mesons should occur directly. Since 
we have taken yu-mesons as Fermi particles, the 
decay process may be naturally either of the follow- 
ing two: 


(IV) y—electron+a Bose neutrino 


(V) yw-electron+2 Fermi neutrinos. 


Which of the two processes is valid will depend on 
the further experiments such as the decay electron 
spectrums or the neutrino loss in the cosmic rays 
although, in the latter case, the existence of neutral 
mesons may make the problems more complicated. 
Using the experimental lifetime of u-mesons for 
their beta-decay 


748 = 2.2 X10-° sec., (9) 


we find the values for the coupling between 
u-mesons and the light particles, 


(IV) T?/hice3 X 10-8 (10) 


(V) Tr=6X10, (11) 


where I?/fc, T is the dimensionless coupling con- 
stants between u-mesons and the light particles. 
A schematic diagram illustrating the conceivable 
couplings is shown in Fig. 1. It may be a noticeable 
fact that, in our scheme, the decay processes which 
are followed by the emission of neutrino could only 
occur with the extraordinary (and about the same) 
small couplings, as indicated in (5), (8), (10), (11), 
y’s, I’s and the dimensionless Fermi constant G. 

We owe some of the numerical calculations to 
Miss Masako Hanai. 
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A further experimental study has been made of the efficiency of separation of He* from mixtures of He* 
and Het in a method making use of the ‘‘internal convection” process in superfluid liquid helium. It is shown 
that the method is capable of removing all the He* in mixtures with an original He*/He* abundance of 10~? 
percent in a period of about five minutes with a power input of 13 milliwatts. The efficiency of the method as 
a function of power input is also studied and comparison is made with Kapitza’s measurements on the 


“latent heat” of superfluid atoms. 





INTRODUCTION 


N a previous communication,! a method was de- 
scribed with which it was found possible to separate 
He’ from a mixture of He* and He* by making use of 
the superfluid properties of liquid He‘. If such a gaseous 
mixture is condensed and brought below the A-point 
and a small temperature gradient, resulting in a flow 
of heat, is produced in the liquid it was found that the 
He’ atoms experienced a ponderamotive force, in the 
direction of the heat flow, causing a separation of the 
isotope. 

In the work cited we were able to raise the He*/He* 
concentration by a factor of about 130 using a mixture 
having an original He*/He* abundance of about 1.3 
X10-*. This at a working temperature of 2°K with 
about 17 milliwatts of power supplied for approximately 
5 minutes. In the same experiment we also attempted 
to produce the same effect at 1.8°K but with a negative 
result. At the time we thought this failure to be due to 
the nature of the He*-He‘ equilibrium below the A-point 
which we had been studying concurrently with the 
above problem.? Later investigation, however, has 





Fic. 1. Schematic diagram 
of the apparatus. 
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1 Lane, Fairbank, Aldrich, and Nier, Phys. Rev. 73, 256 (1948). 
? Fairbank, Lane, Aldrich, and Nier, Phys. Rev. 73, 729 (1948). 


shown that these equilibrium measurements are prob- 
ably in error’ and hence this explanation of our failure 
to produce the effect at 1.8°K is no longer tenable. 

We are now of the opinion that the negative result 
at 1.8°K is due to either or both of the following 
reasons: 


(1) The geometry of the apparatus used in the original heat 
flush experiment was rather poor, i.e., the heat current had no 
well defined path. In consequence the He? could not be localized 
in a small region as is desirable if high enrichments are to be 
achieved. 

(2) The experiment at 1.8°K was performed in the same run 
as that at 2.0°K. In the successful experiment at 2.0°K we re- 
moved in our analysis sample approximately 50 percent of the 
He? present in the original gaseous mixture leaving the gas used 
for the lower temperature measurement greatly depleted of He’. 
We were therefore dealing with different initial concentrations of 
He*/He* in the two experiments, and this initial concentration 
may, and probably does, have a bearing on the degree of enrich- 
ment obtained. 


Since the publication of these results we have con- 
tinued our investigation of this method, using, however, 
gas with a higher initial He®/He* abundance than that 
used in our prior work, the richer gas being produced 
by thermal diffusion separation.* With this richer 
source we made some preliminary runs with our original 
apparatus at various temperatures below the )-point, 
and the same pattern of behavior as previously found 
was observed. Thus large enrichments were obtained at 
some temperatures and little or none at all at other 
temperatures. 

Accordingly, we modified the equipment and tech- 
nique to avoid the two objections mentioned above. 


NEW MEASUREMENTS 


Figure 1 is a diagrammatic sketch of the new ap- 
paratus. The gaseous mixture to be separated, usually 
around 2 liters S.T.P. with an He*®/He* abundance of 
about 10? percent, was condensed in the Pyrex bulb B, 
the glass capillary (diameter ~2 mm) S and part way 


3 Lane, Fairbank, Aldrich, and Nier, Phys. Rev. 75, 46 (1949). 
4MclInteer, Aldrich, and Nier, Phys. Rev. 72, 510 (1947). 
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up the Kovar metal capillary K, the liquid level being 
as indicated. Sealed into bulb B is a small constantan 
heating coil C provided with both current and potential 
leads. Surrounding the bulb B and capillary S is a 
vacuum jacket as shown. The whole apparatus is im- 
mersed in a bath H of liquid helium whose temperature 
can be controlled by pumping in the usual way. A glass 
capillary F extends out of the cryostat to the gas 
handling and sampling equipment. The latter consisted 
essentially of a 2-liter Toepler pump, a small man- 
ometer, and a number of break-seal bulbs for collecting 
samples of the vapor in K. 

Because of the vacuum jacket and geometry of the 
apparatus, the path of the heat flow from C to K (via 
the helium in B) and thence to the outer bath H is 
clearly defined and thus the objection raised in (1) 
above is largely met. 

In order to overcome the second objection we pro- 
ceeded in the present experiment as follows: The tem- 
perature of the outer bath, and hence the helium in B, 
was reduced to a low figure (~1.35°K). The vapor 
pressure at this temperature is about 2 mm Hg; hence 
most of the sample in B is in the liquid phase. The 
temperature was now allowed to rise to the desired 
value and a few milliwatts of power applied via C for a 
period of 5 minutes. With the heat still applied a sample 
of vapor from K was now obtained in the previously 
evacuated 2-liter Toepler. A fraction of this sample was 
now transferred to a break-seal bulb for analysis; this 
sample usually amounted to about 5 percent of the 
mass of gas taken into the Toepler. The remaining gas 
in the Toepler was now recondensed in B, the latter 
again reduced in temperature to about 1.35°K and the 
process repeated at another desired temperature. By 
this technique we depleted the He’ content of B by not 
more than 5 percent per sample and in this way largely 
overcame the objection raised in (2) above. 

We have investigated the effect at a number of dif- 
ferent temperatures below the \-point and, in addition, 
at one temperature (1.8°K) we have studied the effect 
as a function of the input wattage at C. 


RESULTS AND DISCUSSION 


With a heat input of 13 milliwatts and starting with 
a mixture of He*/He‘ of about 10~ we find that, within 
our experimental error, 100 percent of the He’ originally 
present in the mixture is removed into the sampling 
Toepler at all temperatures below the A-point. The 
concentration He*®/He‘ in any given analysis sample 
depends, of course, on the size of the latter which was 
variable. Our richest sample showed an He*/He‘ con- 
centration of 4 percent which represents an enrichment 
of about 400 times the original. Figure 2 shows the per- 
cent depletion of He’ in the original mixture in B as 
a function of the power input to C at 1.8°K. As in the 
previous case, the wattage was applied for a period of 
5 minutes plus the time required for sampling, this 
latter being of the order of 3-1 minute, 
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Fic. 2. The pores ene of He? in a given mixture as 
a function of the input power at 1.8°K. 


In this experiment we are of the opinion that two 
effects are occurring simultaneously : 


(a) Under the influence of the heat the He’ atoms are flushed 
to or near the surface of the liquid in B. 

(b) On sampling, we obtain gas evaporated from this surface 
plus the residual vapor in the connecting line from K. From our 
most recent measurements’ we believe that the vapor in equi- 
librium with the liquid is probably richer in He*® content than the 
parent liquid. The combination of these two processes lead, then, 
to the large enrichments which we observe. 


The fundamental process behind this heat flush 
mechanism appears to be somewhat as follows. Super- 
fluid helium atoms are continually flowing toward C, 
while the heat is applied, and are there raised in energy 
to the levels occupied by the normal fluid atoms in the 
energy spectrum of the liquid. A balancing flow of 
these latter atoms then flow toward the heat sink at K, 
where the reverse process takes place. In this internal 
convection the He* atoms appear to the cooperating 
superfluid He‘ stream as “foreigners,” and are not per- 
mitted to take part in their activity, but no such dis- 
crimination is practiced by the normal fluid component. 
The net result is, therefore, to “flush” the He* atoms 
from C to K. In view of this it is of interest to compare 
the minimum energy which we found necessary for 100 
percent depletion with the difference of heat content Q 
between superfluid helium and free helium JJ as meas- 
ured by Kapitza.5 The latter is the energy per gram 
necessary to change a stream of the superfluid helium 
into normal helium. We will mean by the energy neces- 
sary for one complete heat flush, the amount needed to 
convert into normal helium a quantity of superfluid 
helium equal to the mass of helium in B. 

Thus if P is the power input to the heater in watts; 
t the length of time the power is applied in seconds, and 
my the total mass of liquid helium in B in grams, then 
the number of heat flushes N due to a power P for a 
time ¢ is given by 

Nm Q= Pt 


i.e., substituting the known values at 1.8°K,* we get 
~  _N=1000P. 


Thus at 1 milliwatt power input there is one complete 
heat flush, and we note that at 1 milliwatt in Fig. 2 we 


5 P, L. Kapitza, J. Phys. U.S.S.R. 5, 59 (1941). 
* mo=0.28 g; Q=0.26 cal./g; ¢=300 sec. 
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begin to get 100 percent depletion. While our experi- 
mental accuracy is such that this agreement is somewhat 
fortuitous we may, however, conclude that the back 
diffusion of He* in the liquid during the heat flush is 
small. 

It is also of interest to estimate the possible heat 
flush in a closed system produced by a creeping film. 
We will consider the simple case of a bulb filled with a 
sample of liquid helium, connected to a filling tube, the 
bulb being immersed in a bath of liquid helium, the 
whole forming an isolated system. The film creeps up 
the filling tube and evaporates’ and, in the steady state 
condition, a mass of helium gas recondenses at the 
liquid surface equal to the mass flowing in the film. If 
we assume that all of the heat of condensation is trans- 
mitted to the liquid sample, and take Daunt and 
Mendelssohn’s* value for the creep rate at 1.8°K and a 
tube diameter of 2 mm we obtain a power input to the 
surface of the liquid of 0.1 milliwatt. From Fig. 2 it may 


6 J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. A170, 423 
(1939) ; 170, 439 (1939). 
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be seen that at 0.1 milliwatt power there is a finite heat 
flush. It is possible that the use of the Daunt and 
Mendelssohn creep rate may not be justified here, 
Later work’ has given different results, indicating in 
some cases a much higher creep rate and this would, 
of course, lead to a larger heat flush. We believe in the 
particular apparatus used in the present experiment, 
the effect of creeping film heat flush is small. The sur- 
face of the liquid sample is in the Kovar section, and 
hence most of the creeping film heat would proceed 
directly out into the bath, passing through only that 
amount of the sample which is in the Kovar section. 

The method appears to be a rapid and efficient way 
of concentrating He’ possibly up to 100 percent purity. 
The process may, however, break down for concentra- 
tions much higher than our present record of 4 percent 
He’ although we have, as yet, no indication that this is 
SO. 

Finally we are indebted to Mr. Ernest Lynton for his 
assistance with the low temperature phases of this work. 


7K. R. Atkins, Nature 161, 925 (1948). 
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INTRODUCTION 


N recent developments of quantum electrody- 
namics much use has been made of the so-called 
interaction representation, in which the g-numbers 
describing various fields of particles or quanta 
Satisfy field equations of a form as if no interac- 
tions between these fields would exist, while the 
interaction is described by a generalized Schroe- 
dinger equation for the situation functional (Schroe- 
dinger state vector) V. The theory of this interaction 
representation and its use in quantum electrody- 
namics have been developed here in America by 
Schwinger.! The basic ideas of this theory of the 


1 J. Schwinger, Phys. Rev. 74, 1439 (1948), 
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The methods used by Schwinger in quantum electrodynamics can be generalized in such a way 
that they become applicable to meson theory. This is shown by an example. The method used seems 
slightly simpler than the method proposed by the Japanese school. It turns out that the covariant 
field variables in interaction representation are not simply the transformed of the covariant variables 
used in Heisenberg representation. Also it turns out to be necessary to confine the space-like surfaces 
used in many applications to flat surfaces perpendicular to the time direction. The direct interaction 
between two particles through the meson field is obtained by a canonical transformation similar to 
the first approximation Schwinger transformation in quantum electrodynamics. ‘ 

The example of a neutral vector meson field discussed in the present paper has been chosen in such 
a way as to show the analogy to quantum electrodynamics. The interaction energy between particles 
obtained by Schwinger’s relativistic treatment in meson theory (and also obtainable by the other 
usual perturbation methods) goes over into the Mgller interaction for vanishing meson mass. 


interaction representation had been developed 
independently and published earlier by Tomonaga’ 
in Japan. As the theory may be considered as a 
generalization of the many-times theory of Dirac, 
Fock, and Podolsky,’ the new theory was called by 
him the ‘‘super-many-time theory.’ 

If one tries to apply the super-many-time forma- 


2S. Tomonaga, Bull. I.P.C.R. (Riken-iho) 22, 545 (1943) 
ert ee Prog. Theor. Phys. 1, 27 (1946) and 2, 101 
(1947). 

8 Dirac, Fock and Podolsky, Physik. Zeits. Sowjetunion 2, 
468 (1932). See also Chapter 18 of G. Wentzel, Einfihrung in 
die Quantentheorie der Wellenfelder (F. Deuticke, Vienna, 
1943; reprinted by Edwards Brothers, Inc., Ann Arbor, 1946). 

4 Compare for instance T. Miyazima, Prog. Theor. Phys. 2, 
94(A) (1947). 
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lism to meson fields, one encounters the following 
complications: 

1. The interaction operator is no longer a scalar. 

2. The commutator of the interaction operators 
at two different points x and x’ separated by a 
space-like four-vector involves derivatives of three- 
dimensional delta-functions. 

3. As a consequence, the g-numbers transformed 
from Heisenberg representation to interaction 
representation will sometimes depend on the local 
slope of the super-many-time “‘surface’’ used for 
the transformation. . 

4, Consequently, the Lorentz transformations of 
g-numbers in Heisenberg representation and in inter- 
action representation are then different. Therefore, 
the tensors describing the field in interaction repre- 
sentation need not necessarily be the transformed 
of the tensors used in Heisenberg representation. 

5. Also the integrability of the generalized 
Schroedinger equation presents a problem more 
delicate than in quantum electrodynamics. 

6. In the derivation of the field equations for the 
transformed g-numbers, more care has to be exerted 
about the order of sequence of limits than is neces- 
sary for the usual g-numbers of quantum electro- 
dynamics.® 

7. Some of the field equations may have the form 
of so-called ‘‘identities’’ (not involving 0/dt), but yet 
contain interactions in Heisenberg representation. 

In the present paper we shall deal with all these 
points® and shall develop a satisfactory theory of the 
interaction representation for the particular case of 
a theory of neutral vector mesons interacting only 
with the current-density four-vector of Dirac 
particles. It should be expected that the same 
methods as used here for this particular example 
can also be applied to other types of meson fields. 
The particular interest we take in this one case is 
based on certain applications of this theory, which 
can be made in quantum electrodynamics.’ 


1, THE NEUTRAL PROCA FIELD IN HEISENBERG 
REPRESENTATION 


We shall discuss here the theory of neutral vector 
mesons (case b of Kemmer' with real field variables), 


T- 












a 
$2 5 For less usual g-numbers like the gradients of the electric 
S a ffeld strengths, however, even in quantum electrodynamics the 
-ac, gmethod used by Schwinger (reference 1, Eq. (2.9)) leads to 


wrong results. Compare footnote 23. 
6 Just after completion of this work I received Progress of 
heoretical Physics, Vol. 3, Nos. 1 and 2, in which S. Kanesawa 
and S. Tomonaga (pp. 1 and 101) and Y. Miyamoto (p. 124) 
deal with the difficulties Nos. 1, 2, and 5 listed above, by a 
ethod which seems different from the one used here and 
apparently more complicated. I could not find a discussion of 
he other four points listed above. 

‘If the limit to vanishing meson mass is taken at the end 









mn 2, Mf the calculation, the formulas for mesonic interaction 
1g 1% Mpetween electrons give the usual electromagnetic interactions, 
nna, fmf the meson field discussed in this paper is used. See also F. J. 
46). MEBelinfante, Phys. Rev. 75, 1321(A), (1949); Prog. Theor. 


Phys. 4, 2'(1949). 
*N. Kemmer, Proc. Roy. Soc. A166, 127 (1938). 
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interacting only with the charge current-density 
four-vector of a field of Dirac particles (say, 
electrons), and omitting the tensor interaction. 
Apart from the vector interaction, this meson field 
constitutes a Proca field® with real field com- 
ponents. We shall use a notation that brings out 
the analogies between this field and an ordinary 
electromagnetic field. Indeed, the electromagnetic 
interactions between electrons could be described 
as interactions through a field of mesons with 
negligible mass.’ : 

If » is the mass of these mesons, we shall write 
ko for uc/h, while x stands for mc/h, m being the 
mass of the Dirac particles. The interaction con- 
stant is called (—e) instead of g, in order to em- 
phasize the similarity of this theory to a theory of 
electromagnetism. For this same purpose, we do 
not give the meson field equations in the form used 
by Kemmer® and later by Yukawa and others,’® in 
which the mass factor x, occurs in the equation 
expressing the field strengths in terms of the four- 
dimensional rotation of the potentials, as well as 
in the equations giving these potentials in terms of 
the four-dimensional divergences of the field 
strengths. This form of the field equations may 
have the advantage of making the field strengths 
and the potentials to quantities of the same dimen- 
sions, so that they can then be collected into one 
single 10-component symmetric undor of the second 
rank." But obviously the field equations in this 
form would not have Maxwell’s equations as their 
limit for k.—0. Therefore, we prefer here the equa- 
tions in the form originally used by Proca himself® 
and later by Bhabha,” Fréhlich, and others." 

As our starting point, we shall therefore take the 
following first order Lagrangian function: 


1 
L = —{}F#F,,— Fea,A,—44,2A,A"} 


An 
+A,j”—hep(xt+y'd,)y. (1) 


9 A. Proca, J. de Phys. et rad. 7, 347 (1936); 8, 23 (1937). 

10 Yukawa, Sakata and Taketani, Proc. Phys. Math. Soc. 
Japan 20, 319 (1938). 

1F, J. Belinfante, Physica 6, 849, 870 (1939). See also 
Kramers, Belinfante and Lubanski, Physica 8, 597 (1941). 

12H. J. Bhabha, Proc. Roy. Soc. A166, 501 (1938). 

( 18 _ Heitler and Kemmer, Proc. Roy. Soc. 4.166, 154 
1938). 

4 Some advantages of the use of first-order Lagrangians 
(linear in the gradient operators 0,) have been discussed by 
me in Physica 7, 449 (1940). As far as I know, the proof of the 
covariance of the canonical commutation relations used in 
meson theories in Heisenberg representation has as yet been 
published only for the theory using first-order Lagrangians 
(see Physica 7, 765 (1940)). For applications of a first-order 
Lagrangian in quantum electrodynamics see, for instance, 
Physica 6, 887 (1939); 7, 449 (1940); or 12, 17 (1946). For an 
application in classical mechanics (electrodynamics), see Phys. 
Rev. 74, 779 (1948).—For the rest, the formalism in this 
paper could be developed just as easily from a Lagrangian of 
the second order as far as the Proca field is concerned. 

5 Here and in the followinz, products of various factors 
like, for instance, F“’0,A, or py’0,y or x,y are tacitly assumed 
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Here 09= —0°=0/cdt, 0:=0'=V,=0/dx, etc. The 
y’ are Dirac matrices satisfying y“y’+y’y"= {7v'"; v’} 
= 2g", with g¢= —1, g!=g%=g%=+1. They are 
related to the Dirac matrices 6 and a’ (with a®=1) 
by y’=—iBa’, while J=y'8, if y' is the one-row 
four-column hermitian conjugate of the four-row 
one-column matrix of the g-number y. The charge 
current-density four-vector 7” (with 7®=p in e.s.u.) 
is given by 


l= —iepy’y, (2) 


where (—e) stands for the ‘“‘mesonic charge’’ of the 
Dirac particles. (For x.—0 this formalism will then 
describe the electromagnetic interactions of Dirac 
electrons with an electric charge —e.) 

Independent variation of the six-component 
antisymmetric tensor F”’, of the four-vector A, and 
of the undors (four-spinors) y and y in 6f’ Ldw=0 
(with dw=dxdydzdct), yields in the usual way the 
field equation 

(3) 


(4) 
(5) 


Fy =0,A,—9,Ay, 
kK°A”’=427’+0,F*, 
{x+-’0,+ (te/hc)A,y’}y =0, and conj. 
From (2) with (5) follows 


0,7’ =0. (6) 


This with (4) gives 
0,A’=0, (7) 
so that, by (3), 0,F"=[_JA” (with [_]=90,0+), or, 
by (4), 
(L)—xo?)A’= —4ny”. (8) 
A solution of this equation is given by the four- 
dimensional integral 


nit stall f de! (x—x') sen(t—1’)7(x"), (9) 
where x stands for x and x® (that is, for x, y, and 
ct), while sgnt= |t|—t=sgnx®, so that 

Oo sgnt = 26(ct). (10) 
Finally, A,(x) stands for 


we 
haiti f (dk)*-8(kegk*-+ x,2) 
87? 
-sonk®-exp(tk,x”), 


(11) 
where (dk)4=dkdk® =dk.dk,dk,dk®, and where 6( ) 


to have been ‘‘symmetrized” as }4{ F#’0,A,+(0,A,)F*”} or 
4{V(y’aw) —(7’aw)Y} or $«,.{yy—Wy}, according to the 
rules of the general quantum theory of wave fields discussed 
in Physica 7, 765 (1940), even if such ‘‘symmetrization”’ is not 
written down here explicitly.—A minus sign in such sym- 
metrizations occurs only if two field variables are involved, 
both describing a field of Fermi-Dirac particles (obeying the 
Pauli exclusion principle). 
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is the ordinary delta-function. Integration over 
in (11) gives 


dk sin { (x,?+?)ict } 
a,(0) =— [ — exp(ik +x) | 
82° (x,2+k?)! 
with k=|k]; so that obviously A, is an improper 
function of 7 and ¢, odd in ¢, and satisfying 
{C]—«,2}4,(x) = 0, A(x) = —A,(—x), (13a-b) 
A,(t=0) = 0, (14a) 
{OoA, (x) }r-0= —4(x) = —5(x)d(y)d(z), (14) 


so that 
Oo? { Ao(x—x’) sgn(t—t’)} = dP A,.sgn(t—?’) 

— 28( x9 — x0’) 5(x —x’) — do {2A,(x —x’)5(xo — x0’) }. 
From this, with (13a) and (14a), it follows easily 
that (9) is a solution of (8). For x.—0 this solution 


would correspond to the average of the advanced 
and the retarded potential, as seen from 


lim Ao(x) = D(x) = (4rr)— {5(r+ct) —5(r—ct)}, (15) 





which follows from (11) by integration over angles 
after x,—0. The solution of (8) corresponding to 
the retarded potential could easily be obtained by 
replacing sgn(t—?’) in (9) by {1+sgn(t—?’)}. 

The general solution of (8) can be written as the 
sum of (9) and some arbitrary superposition of 
plane wave solutions of the homogeneous wave 
equation with a factor exp(ik,x"), with kyk* =k? — kj 
= — Ko’. 

Before we bring our formalism in canonical form, 
it is convenient to introduce three-dimensional 
notation throughout by Fy = F°'= E,, Fi2=H,, etc., 
by A°=6, p=p=—ep'y, j=—ep'ay, etc. Thus, 
the first-order Lagrangian function (1) becomes 


L=(1/4r){4H?—H + curlA—}E?—E + V@ 
—E + d)A+4x,2(6?—A?)} +A °j—Sp 
—hop'(xB—ia*V—ido)p. (16) 


The field Eqs. (3)-(5) partially yield equations of 
motion — 


0A/cot= —E-V9, 

dE/cot=curlH+ x,2A—4zj, (18) 

thoy /dt =(meB—ihcas V—-eb+eA*a)y; (19) 

partially they yield so-called “identities” defining 

H and @ as derived variables:'* 

H=curlA, ~ (20) 

ko? = 4rp—divE. (21) 

From (16) it is readily seen that the canonical 

conjugates to A and y are given by (— E/4mc) and 
16 Compare F. J. Belinfante, Physica 7, 765 (1940). 


(17) 
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(ity'), so that the commutation relations read 
[A.(x) ; E,(x’)] = —4mihcd,;5(x—x’), (22a) 
{Ha(x) 5 ¥e'(x’)} =5a96(x—x’), (22b) 
{Was Wa} = (a! 5 Wa"} =0, etc. 


The commutation relations between H and E or 
between ® and A or @ and y follow in accordance 
with the general rules of the theory of quantized 
fields'* from the canonical commutation relations 
(22) by the identities (20)—(21); for instance: 


[B(x); A(x’)]= — (Awihic/x.*)V5(x—x’), (23) 
[B(x) 5 ¥(x’)] = (40e/xo?)5(x—x’)y(x). (24) 


From (16) the Hamiltonian is formed in the 
usual way by = fdx{ —E+A/4ac+ihy'y—L}; 
it is expressed in terms of the canonical variables 
by means of the identities (20)—(21). This gives 


H=Kpt Un tw, (25) 
with 
8x3) = f dx {E?+ «,—°(divE)? 


+x«,?A?+(curlA)?}, (25a) 


(25b) 


z.. =e { dxyt(@x—ia* v)y, 


w=f Wdx, with 


W=p&—j*e A—2rkx,~*p*.  (25c) 
Finally, the total linear momentum of the field is 
given in the usual way by 


°,= f dx{E+V,A/4xc—ihytvw}. (26) 


2. THE GENERALIZED SCHROEDINGER EQUATION 
IN INTERACTION REPRESENTATION, AND 
ITS INTEGRABILITY 


Following the scheme used in quantum electro- 
dynamics? we shall now introduce a new repre- 
sentation by a canonical transformation U[o] or 
U, depending” on a space-like three-dimensional 
surface o in four-dimensional space-time. If Q(x) 
is in Heisenberg representation some g-number 
(function of field variables) at the point x in space- 
time, and o is some space-like surface through x, 
then the transformed of Q(x) in interaction repre- 
sentation shall be given by , 


"Q(x) = U, Q(x) UL". (27) 


Similarly, the constant state vector x of Heisen- 
berg’s representation shall be transformed into a 
o-dependent Schroedinger functional W[o] by 


means of 
Vio] = U.x, 
(Q)= (x*, Qn) = (¥Ee}*, "O¥[e)). (29) 


The transformation U, shall satisfy the variational 
equation 


the {5U,/50(x)} ="W(x)U,= UW (x), (30) 
where 6U,/é0(x) = lim {(U.:—U.)/w}, if w is the 


(28) 
so that 


volume between the two space-like surfaces o and 
o’ and if the limit o’—¢ is taken in such a way that 
the region where o’ does not coincide with o 
shrinks together to the infinitesimal neighborhood 
of the point x on o. As we assume o’ as well as o 
always to be space-like, the volume w will always 
have a flat shape and the dimensions of the volume 
w in spatial directions cannot be shrunk faster than 
the time-like distance between o and o’. From (30) 
follows the generalized Schroedinger equation 


ihe{8W[o]/do(x)} = "W(x) Vio]. (31) 


While here the transformed interaction operator 
°W is used, we shall first use (30) in its second form 
with U, W rather than with °W U,, as we do know 
the properties of W but did not yet discuss the 
properties of °W. 

We should postulate that U,, once given on some 
arbitrarily given space-like initial surface, should 
follow for any other surface uniquely from the 
“equation of motion’’ (30). A look at (25c), how- 
ever, shows at once that (30) taken without 
comment would not even determine uniquely the 
effect on U, by an infinitesimal change of o. For W 
as given by (25c) is no scalar, so that the in- 
finitesimal increment of U, from o to o’, as given 
by (30), will depend on the coordinate system 
(Lorentz frame), in which W(x) in (30) is taken. 

In order to give (30) a definite and unique 
meaning, therefore, we have to specify explicitly 
in which frame or reference W(x) in (30) is to be 
taken. Obviously there is for that only one Lorentz- 
invariant choice, and that is that in Eqs. (30)-(31) 
W(x) should be taken in that Lorentz frame, for which 
the xysz-space (the surface t=constant) is tangential 
to the surface o at the point x. This choice of the 
Lorentz frame indeed depends on o at x alone and 
is independent of the particular coordinate system, 
in which surfaces like « may be described as 
t'=f(x', y’, 2’). It is also seen that W is invariant 
under spatial rotations of the Lorentz frame, that 
keep its time-axis four-dimensionally perpendicular 
to o at x. Thus, Eq. (30) has obtained a unique 
meaning, which could also be given in covariant 
notation (without particular choice of a Lorentz 
frame) as thc{6U,/50(x)} = U, W(x, o), with 


' W(x, 0) = —j’A, — 2xKx,.7j,N*j,N’, (32) 
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where JV# is a time-like unit four-vector at x four- 
dimensionally perpendicular to « and normalized 
by N,N+*=—1. 

One may perhaps think that this method is 
cumbersome. Why not replace W say by ph—j« A? 
Let us for a‘moment leave open this question and 
take W in (30) equal to 


W = p@—j* A—X-2rk,*p (33) 


For \0, we take (33) to be a correct expression 
for W in (30)—(31) only if (33) is calculated in the 
special Lorentz frame described above.!” We shall 
now determine the value of the not yet specified 
constant A in (33) from the postulate that Eq. (30) 
be integrable. We shall see that this leads to \=1 
rather than to \=0. 

In order to verify the integrability of our varia- 
tional equation (30), it is sufficient to consider a 
variation of o in two infinitesimal steps, and to 
show that the change of U, resulting from this by 
(30) is independent of the order of sequence of 
these steps, as long as the final surface is the same. 
To facilitate our work, we shall assume that the 
surfaces are given in some fixed coordinate system, 
say {fr}, where 7 may take the place of x® or ct. 
We denote the initial surface r=f(, n, ¢) by_0, the 
final surface by 1. The shift of o from 0 to 1 takes 
place in two steps, first from 0 to 1, later from 1 to 1. 
The surface 1 be given by eh. ™ O+e(E, n, O), 
where the infinitesimal function e is the variation 
from 0 to 1 in the r-direction. Similarly, the r-shift 
from 1 to 1 may be given by the infinitesimal 
function ¢(é, 7, £). One may also perform first the 
variation of o over a distance ¢ in the r-direction, 
which may give an intermediate surface 0; then 
take the variation ¢ as the second step from 0 to 1. 
It is now sufficient to check that, for infinitesimal 
values of both e« and g, taking into account only 
terms linear in ¢ and linear in g (including the 
bilinear term in both), one obtains the same change 
of U, from 0 to 1 independent of the choice between 
1 and 0 for the intermediate step." 


17 Tn covariant notation this might be written as 
W(x, «) = —j’Ay—d:2rx, 7}, N*j,N”. 

18 One may, of course, also postulate that this be true for 
any intermediate surface 0, where the r-shifts between 0 and 0 
and between 0 and I be given by $ and €, provided that 
P+E=et+¢. In that case, however, it is necessary to take 
into account not only bilinear terms, but all terms quadratic 
in one of these infinitesimal r-shifts as well, which complicates 
the proof considerably. In this case, Eq. (37) should be replaced 
by the more accurate 


U[1]=U[0]-exp 1k dw-Wa 


= vto-{1+f Wath f 2-3,W-a 


+3f eb-Tat4f f WW}. 


The further calculations run in principle like those in the 
text, only more terms have to be taken into account. This is 
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By W(1) we shall understand the value of W(x, ) 
in a point on 1; that is, a value of W as found from 
Eq. (33) in a “local’’ Lorentz frame “tangent to” 
1 (=with its time-axis perpendicular to 1). For 
W(0) we shall often write simply W. By 0,W, we 
shall understand the derivative with respect to ; 
of W as given by (33), calculated as if the Lorentz 
frame is not changed with r. This is the derivative 
of W(x, o) of Eq. (32), with respect to 7, if the 
N+-vector is thought to be constant. As the local 
Lorentz frames on 0 and on 1 are not identical, 
however, we must then write 


W(1)=W(0)+e-0,W+(b*T). (34) 


Here, the last term represents the change of W 
from 0 to 1 as far as due to the variation of N*, so 
that it may be regarded as the effect, on W as given 
by Eq. (33), of the infinitesimal Lorentz trans- 
formation from the local Lorentz system tangent 
to 0, to the local Lorentz frame on 1 in the cor- 
responding point (with same é, 7, ¢). Let b be 
defined as the infinitesimal ‘‘velocity’’ (in unit c) of 
the local frame on 1 with respect to the local frame 
on 0. Then, T in (34) is given, in the local frame on 
0, by! 

T=4rdk, pj. (35) 


Let v be the (finite) velocity (with respect to the 
fixed {&yt7}-frame) of the local 0-frame, tangent to 
the surface 0 that was given as r=f(énf). Then it 
is easily seen that v/c = df, if @ denotes the gradient 
in £nf-space. Thence, the difference in velocity (in 
units c) of the 1-frame and the 0-frame, with 
respect to this énf-space, is given by de. 

From this, the relative velocity cb of 1 with 
respect to 0 is found according to the rules of addi- 
tion of velocities in special relativity theory. Thus, 
if v, is the velocity of the 1-frame with respect to 
the fixed &nf-system, then the relative velocity of 1 
with respect to 0 is given by 


uv {v(v © v1) —1} + {vi —vo-*(v © vi) } (1 —v?/c?)! 


1—vev;/c? 





For V= 
to 


v+cde, with infinitesimal de, this nsniieiat 


(Oe) 


1—v?/c? 


de— (de), 
(1—v2/c?)4 


left to the reader. The complications introduced in this way 
are, of course, completely needless, as one could always 
introduce another intermediate surface (1’) at a distance 
(e+ %). from 0, and then consider the change from 0 to_I as 
occurring in three steps, once 0-+1-+1'-+1 and once 0—>0—1' 


— I. Here only the underlined parts of the shifts occur in a 
different order of sequence and they definitely satisfy_now 
the simplification made in the text, that 11’ and 0-0 are 
equal r-shifts. 

1* This follows from the fact that (up to terms linear in b) 
the charge density p in Eq. (33) transforms, from the local 
Lorentz frame {x yzct} on 0 to the local Lorentz frame 
{x’y’z’ct’} on 1, by p’=p—b-j (just as ct’ =ct—b-x) 
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Here, (8¢),=Vv~*(v* de) is the component of de 
in the direction of v, and de—(@e), the component 
of a perpendicular to v. Introducing the symbolic 
notation w for a multiplication by (1—v?/c?)— of 
the components parallel to v, and by (1—v?/c?)“4 
of the components perpendicular to v, we may then 
write for the above result 


b=wae. (36) 


Similarly, the velocity (in units c) of 0 with respect 
to 0 will be given by b=wag¢. 

Now, integration of (30) from 0 to 1 gives, up to 
linear terms in e: 


utt]=vto}}1+ f Wal. (37) 


Here a= (thc), while £ stands for an integration 
over £, 7 and ¢. Similarly, 


U[1]= utry{i+ f ewaya}. (38) 


Into (38) we substitute both (37) and, (34). Up to 
the bilinear term this gives 


UtT]= ULO}} 1+ f eWat+ f gWa 


+f cc-aW-o+ f g(b+ Tha 


+ J f er ww'e|, (39) 


Here, W’ stands for W(t’, 7’, ¢’). Similarly, if 0 
instead of 1 is taken as intermediate surface: 


UL] = UL0]{ 1+ f oWa+ f Wa 


+f co-3,W-a+ f e(b* T)a 


: +ff ew We'}. (40) 


The integrability of (30) then requires the vanishing 
of the difference between (39) and (40), that is, 


off eo'lW; W1= { {b—9b)} -T. (41) 


The commutator of W(éf) with W(é’n’t’) on 
the surface 0 can be calculated easily with the help 
of (22)—(24) in terms of the coordinates on this surface 
itself, for which W is simply given by (33). Thus, 


the commutators of p and j with ® yield delta- 
functions (symmetric in x—x’) multiplied by 
g-number functions of x and x’ that must then 
obviously be antisymmetric in x and x’, so that 
they vanish after integration in the left-hand 
member of (41) for x=x’ due to the delta-functions. 
Therefore, these terms are of no interest to us. The 
only interesting terms are products of g-number 
functions of x and x’ with gradients of delta-func- 
tions, which arise from the commutators of © with 
A’ and of A with ® by (23). This gives 


[W; W']=4mihcx,—{ pj’ *v —p'j* Vv’ }5(x—x’). (42) 


We remark that 6(x—x’) =(1—v?/c*)-46(E—£’), 
and that the gradient (V) with respect to x on the 
surface 0 is the gradient (8) with respect to & 
multiplied by another factor (1—v?/c?)-4 as far as 
this gradient is calculated in the direction of v. 
Combining these results, we get 


V5(x—x’) =wads(E—é’). (43) 


We substitute (42) with (43) into the left-hand 
member of (41) and integrate each term once by 
parts. Into the right-hand member of (41) we 
substitute Eqs. (35) and (36). Thus we obtain, 
after division by 4xx,.~? =4mathcx,: 


ff {ej ° O’(y’p'w’) —y'j’ * A(epw) }5(E—E’) 


=n pi{avde—ewie}. (44) 


Performing the integral over &’ and remarking that 
the terms with @(pw) drop out, we find that (44) 
is an identity, if \=1. 

This means that the postulate of integrability of 
the Schroedinger equation for U, excludes a scalar 
interaction operator W(x) in this meson theory and 
that the variational Eq. (30) for the transformation 
U, is integrable just with the choice (25c) or (32) for 
the interaction operator.” 


3. THE RELATIVISTIC TRANSFORMATION PROPER- 
TIES OF THE g-NUMBERS IN INTERACTION 
REPRESENTATION 


In the preceding chapter we have defined by 
Eq. (27) the transformed g-numbers in interaction 
representation as certain functions of x as well as 
of a surface of transformation o through x. We 


20We found the operator W(x,¢) which makes (30) 
integrable simply by postulating that the interaction 
integrand W(x) from (25c) be taken in a Lorentz frame 
“tangent” to o in x. There was no need of finding an auxiliary 
term to be added to W(x). This seems a simplification as 
compared to the methods suggested by the Japanese school 
(see footnote 6). Remark that we do not yet confine ourselves 
be a to flat surfaces: v and then w above may be functions 
of &, 0, ¢. 
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shall first investigate in how far these “Q(x) depend 
on ¢. 

For this purpose, let us consider a variation 
e(é, 7, ¢) of o in the 7-direction, like in the pre- 
ceding chapter. Then, U again is varied according 
to (37), or 


6U= uf é W'a, (45) 


where W’ is to be taken at the point of the surface 
o with coordinates &’(¢’, n’, ¢’) in the fixed coor- 
dinate system, and to be calculated there either in 
a tangent Lorentz frame, or by Eq. (32). From (45), 
by U-!-6U+6U-- U=0, we find 


sU-1=— U-3U-U1= — f W'a-U-. (46) 


Assuming that the point x on a is not varied, we 
find by (45) and (46) that an infinitesimal variation 
of the surface o without change of the fixed point P 
with coordinates x (or &) on it, changes "Q(x) by 
an amount 


6 Q(x) =8U-0U"+U0-8U-"_ > 


= U- f aé(W'0—-OW’]-U-1, (47) 


where the integral is to be taken over all points (P’) 
of the surface « and where the coordinates £’n’¢’ 
are taken as the integration variables. ; 

In general, the commutator [W(P’); Q(P)] ap- 
pearing in (47) will be zero for finite space-like 
distances PP’, so that we conclude that the ex- 
pression (47) is independent of variations e(£’) 
of the surface at points P’ at a finite distance from 
the fixed point P. However, (47) may easily depend 
on the value of the spatial derivatives of e(&’) at 
the point P (at &’=£), and surely will do so as 
soon as [W’;Q] contains gradients of delta- 
functions. 

This means that the transformed g-numbers in 
interaction representation in general will depend on 
the local slope of the surface of transformation a, 
or even on the gradients or higher spatial deriva- 
tives of this slope, if [W’; Q] involves higher deriva- 
tives of delta-functions. (The value of ¢ itself at P 
must of course be zero, as we kept the varied 
surface through P.) 

We have to see the question of the Lorentz 
transformation of these transformed g-numbers 
°Q(x) now in the light of this o-dependency of Q(x). 
We may, in particular, distinguish the following 
two questions: 

(A) Let Q(P) be given in a Lorentz frame K and °Q(P) be 


obtained from it by a transformation U, belonging to a certain 
“transformation surface” o (not related to K in any particular 
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way). Let °Q’(P) be the Lorentz-transformed of %Q(P), ob. 
tained by the same transformation surface o from Q’(P) ina 
new Lorentz frame K’. What is the relation between °Q’(P) 
and °Q(P)? 

The answer is obviously, by Eq. (27), that under these 
circumstances 7Q(P) will transform in exactly the same way 
as the g-number Q(P) in Heisenberg representation, for JU, 
in (27) is determined here independent of the Lorentz frame 
and depends only on the surface o, which was thought to be 
constant. 

(B) Let °Q(P) be the value which °Q(P) takes for o in P 
sufficiently flat and “tangent” to the Lorentz frame K, in 
which the components of Q are taken. Let °Q’(P) be the value 
which °’Q’(P) takes for a new o’ in P sufficiently flat and 
tangent to the new Lorentz frame K’, in which the com. 
ponents of Q’ are measured. What is the transformation in 
this case from °Q(P) to °Q’(P)? 

This is the question we are going to discuss now. Its im- 
portance lies in the fact that in most practical examples, one 
will turn the o-dependent quantity “Q(x) into a simple point 
function °Q(x) by taking for o the surface t=constant, which 
indeed is completely flat and is tangent to the Lorentz frame, 
in which ¢ is measured. Then, a Lorentz transformation is 
automatically a transformation of the type (B) rather than 
one of the type (A). 


In the following, we shall often call °Q the value 
of Q in interaction representation, and the trans- 
formations (B) the Lorentz transformations of the 
g-numbers in interaction representation. 

Again we consider infinitesimal transformations 
only. (The transformation formulas for finite trans- 
formations would then follow from them by 
integration.) We follow the notations of the pre- 
ceding chapter. For the initial surface we may take 
now a completely flat surface and take this flat 
surface at once as our énf-space without any loss of 
generality, so that the complications with powers 
of (1—v?/c?) of the preceding chapter this time are 
avoided, while for W we can now take simply (25c) 
without making a distinction between a énf- and an 
xyz-space.”! 

_ The transformed surface ¢ in a frame of reference 
K moving with a velocity cb with respect to K is 
then given near P by r=b er’ (with r’ =x’ —x), so 
that the “‘r-shift”’ of ¢ with respect to o is given by 


e'=ber’=b (x’—x) for r’ not toolarge. (48) 


At a larger distance, the shape of ¢ does not matter 
and need not be flat, so that we may consider ¢ 
as approaching in some way to zero for x’ moving to 
infinity. 


21 We are allowed to flatten out the initial ¢, because this 
process does not change °Q(P) as long as we do not change the 
first few spatial derivatives of the function r7(é, n, ¢) first 
determining o. The exact number of these first few derivatives 
depends on the orders of derivatives of delta-functions that 
might appear in [W(P’); Q(P)], as explained above. If the 
surface o originally was “‘sufficiently flat’’ (first few -partial 
derivatives of 07 equal to zero), a change of these derivatives 
of 07 at P itself need not be made indeed while flattening the 
surface. As in °Q(P) the transformation surface should at P 
be tangent to the Lorentz frame used, we conclude that the 
surface o used in K, when flattened out, simply becomes the 
surface t=constant, and ordinary x, y, 2-coordinates take the 


place of é, n, ¢. 





INTERACTION REPRESENTATION 73 


Let us now think [W(P’); Q(P)] to be expanded 
in derivatives of delta-functions of (x’—x), by 


[W(P’) ; QP) =fo(P’, P)d(r!) +fi(P’, P) » v’5(r’) 
+2 ¥ fa(P’, P)Vi'V/5(r/) +--+, (49) 
k ol 


and substitute this expansion into (47). Adding to 
this the variation of °Q(x) due to the Lorentz 
transformation of Q itself in Heisenberg representa- 
tion (which we shall denote by 6Q), we find for the 
total change of °Q(x) under such an infinitesimal 
transformation, after integrations by parts and 
with use of (48) for e’ near x, 


6 °Q(x) = U{6Q(x) —ab *f,(P, P) 
tad VL(aV +0.V,')fir(P’, P) pp) — +++ }U-. 
kl (50) 


We shall apply this formula now for the cal- 
culation of the transformation properties of °A, °, 
°F, °H, °y, °v', °o and °j for our neutral Proca 
meson field interacting with Dirac electrons. In 
Heisenberg representation, the infinitesimal Lorentz 
transformation (ch=ct—b 1’, f’ =r’ —bet)ifrom K 
to K gives 


s5A=—b?, 5b=—b-A, 5E=[bxXH], 
é5H=—[bXE], 5y=—4db- ay, 
syi=—Aytarb, 5j=—bp, bp=—bej. 


Of these quantities, A and ® by (23) yield first 
derivatives of delta-functions, when commuted with 
W: 


(51) 


[W(x’); A(x)] = —4ihcx.*p(x’)V6(r’), (52) 
[W(x’) ; &(x)] = +4athcx.—*j(x’)V'5(r’). (53) 


Taking the values of f,; for A and for @ from (52)- 
(53) by comparison with (49), and substituting 
this with (51) into (50), we find (with athc=1): 


6°A= U{ —b¢+42x,~bp} U- 
= —b{°b—4rx,? °p}, 


6°d=U{—b + A—42x,.~b « j} U 
=—be {°A+42x,~? °j}. 


For H we find, by (20) and (52), 
[W(x’); H(x)]=curl[W(x’); A(x)]=0, (56) 


by curl¥=0. The other quantities listed give 
merely ordinary delta-functions (if anything). As 
f(P’, P) does not appear in (50), these delta- 
functions do not contribute to 6 °Q either. There- 
fore, these quantities transform in interaction 
representation exactly in the same way as in 
Heisenberg representation. For instance, °E forms 
a tensor with °H, and °y and °yt are undors. 
Further, °p forms a four-vector with °j. In par- 
ticular, 


(54) 


(55) 


6 °p=—be %j. (57) 


Subtracting 4rx,.~? times (57) from Eq. (55), we 
obtain 


5{°b—Awx,.-? °p} = —be A. (58) 


Comparing this with (54), we see that 
°V =*b—Ark,* °p with °V=°A (59) 


forms a four-vector, which we shall denote by °V*. 
It is the transformed, by (27), of 


v= V=6—4rx,p with Vt=AF, 
(k=1, 2,3), (60) 


but, while in interaction representation °V# is a 
four-vector in sense (B), °A* ts NO four-vector in this 
sense, and while A# is a four-vector in Heisenberg 
representation, V* is NO four-vector. This means 
that the transformation properties of these quantities 
in Heisenberg representation and in interaction repre- 
sentation are different. 

Remark that, by (21) and (60), V satisfies the 
“identity” «.2V = —divE, thence, 


ko? °V = —div °E. 
From this follows (for t=?) 
[V(x); ¥(x’)]=0, thence, [°V(x);°¥(x’)]=0. (62) 


This difference in behavior between V and ® (which 
by (24) did not commute with y) is important for 
the establishing of the free commutativity of 
meson field and matter field in interaction repre- 
sentation, as we shall see in Chapter 5. 


4. THE FIELD EQUATIONS IN INTERACTION 
REPRESENTATION 
We shall now calculate the derivatives of quan- 
tities °Q(x) in interaction representation. They are 
in principle given by 


(61) 


(63) 





| *Q(z) —°Q(x) ; 


i—x 


8 °Q(x) =lim 


zz 


where ¢ and o@ are both taken “sufficiently flat” and 
parallel at or x to the t=0 surface of the Lorentz 
frame used. We shall here first treat separately the 
spatial gradient and the derivative with respect to 
time of °Q in this frame of reference. 

For the spatial derivative, o can be taken as 
passing through £ as well as through x, so that 
there is no need here to take ¢ different from o at 
all. Thence, by (63) and (27), 


V °Q(x) = U.VQ(x) Ue, (64) 


that is, the spatial derivative of -the transformed is 
the transformed of the spatial derivative. (We did 
already use this in the second part of Eq. (61).) 
For the derivative of °Q with respect to x°=ct, it 
is necessary to take ¢ through the point Z, which 
may be shifted from x over a distance 7 in the 
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x-direction. Thence, the shift from o to ¢ can be 
given by a function e(x’, y’, 2’) like in the preceding 
chapters, with e=7 at the point x’=x. The change 
of °Q as far as due to this shift of o is given again 
by (47); in addition to that, there is a change 
709Q(x) already in Heisenberg representation, so 
that the total increment of °Q(x) from x® to x°+7 
is given by 


5°Q=U| revQ(u)-+a f WZ QU. (65) 


Here, [W’; Q] may contain delta-functions and 
derivatives of delta-functions, as shown in Eq. (49). 
The derivatives of delta-functions we integrate by 
parts. A difference with the derivation of Eq. (50) 
is that this time e’ near x can be considered as a 
constant (=r) instead of the linear function of r’ 
given by (48). This is due to the fact that the same 
Lorentz frame is used for °Q(x°+7) as for °Q(x°), so 
that the two surfaces & and o must be parallel” (and 
sufficiently flat) near x. Thus we find, by 0)°Q 
=lim(é °Q/r) and by e’=r for x’ near x: 


0 °Q(x) = v| au0(x)-+ ihe) f 1); (| u- 


= U,0.Q(x) U,-! 
+ (ihe)! f [PW x’); °Q(x)Idou', (66) 


where o runs through x and is the surface ¢=con- 
stant near x, and where doo’ =dx'dy'dz’. The Eqs. 
(66) and (64) together can be written in a form 
that seems to show their covariance (though it does 
not show that a change of Lorentz frame for °Q 
necessitates a change of the surface o) as®*”8 


#2 Indeed: if “Q depends on the slope of « as shown in the 
preceding chapter, the value of °Q(2)—°Q(x) would be dif- 
ferent, if ¢ would be taken with a different slope. Therefore, 
the equations of motion derived in the following are only then 
correct, if one takes all surfaces parallel, thus giving %Q(2) 
—°Q(x) an unambiguous meaning for given x, 2, and o 
through x. In the text we use (25c) for W, which is correct, 
if we take the f-axis perpendicular to these parallel surfaces o. 
Therefore, we write °Q rather than °Q throughout the fol- 
lowing discussions in the text.—If one drops this particular 
choice of the ¢-axis and calculates 0, °Q under the mere re- 
striction that all surfaces o be at least parallel to each other 
(even if not to the x, y, z-plane), one would have to replace 
W(x’) in the text by W(x’, c) of Eq. (32), with N* per- 
pendicular to o. Thus, Eq. (67) would become covariant as 
far as o is kept invariant, if we write in (67) °Q instead of °Q 
and W(x’, «) instead of W(x’). 

*° It should be remarked here that our formulas (66)—(67) 
= enemy different from the (apparently incorrect} 
ormula 


94 Q(4) = Usd, Q(x) Ue 
+ (he) [I We, «); Ql") doy’ (67F) 


(with the x and x’ interchanged in the integrand), at which 
Schwinger arrives in his paper on the interaction repre- 
sentation (reference 1, Eq. (2.9)). We would have been led 
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Ou °Q(x) = U,0,0(x) | 
+ (ihe)! f W(x’); °Q(x)Kdo,", (61) 


where the spatial components of the surface element 
do,’ vanish at least near x, where o is the surface 
x°=constant. 

Substituting (49) into (66), we find 


do °Q= U{AQ+afo(P, P)—aLv’ f,(P’, P) pp) 
+a D0 ULV.’ Vi fe(P’, P) prep) — +++} U0. (68) 
k l 


We apply this formula to the various field com. 
ponents. From (52) and (53) we take f;(P’, P) for 
A and for , (for which f)(P, P) =0), and thus find 
by (68): 

do °A= U{dA+4rx.V p} U-, 


or, by (17), (60), and (27), 


do °A= —°E—V °V; (69) 
similarly, 


Oo °@ = U{ dob — 4x? divj} U“ 
= U{—divA+4x,-*dop} U-. — (70) 


As p(x) commutes with W(x’), we find 
8 °p = Uf dep} U-#. (71) 
From (59), (70), (71), and (64) then follows 
Oo °V =dy °@—4 rk, 209 °p = —div°A. (72) 


to this wrong equation, if in (65) we would have replaced 6 °Q 
by its average over a small surface element of o near x, and 
then would have replaced W’ by W(x, c) assuming that the 
region of deviation between @ and oa could be shrunk spatially 
to the one point x. Obviously this cannot be done, if yet one 
wants to calculate 6°Q by its average over a small finite 
rane about x.—In Schwinger’s own derivation of Eq. 
(67F), he forgets that for the calculation of a variation 6U 
by means of (30), one should average (integrate) the inter- 
action operator W(x’) over the whole volume w between the 
surfaces, (where the spatial dimensions of w should be larger 
than the time-like distance + between the surfaces). More- 
over, the term in °Q(2)—°Q(x), leading to the commutator 
between W and Q, is the term in which Q(x) is considered 
constant and the variation of U, is taken into account. In 
such a term the integration of W over w is more essential 
than the averaging of Q over any region.—The difference 
between (67) and (67F) is of the utmost importance, as (67F), 
even in its simplified form with o@ parallel to the x, y, 2-plane, 
by (49) leads wrongly to 


80 °Q= U {d0Q+afo(P, P)+aLly 'efi(P, P’)]p_P) 
+a Ly VilVi'Vi'fe(P, P’)]wepy+---}U, (68F) 


which, in general, is different from (68), as f;, fi, etc., are 
neither antisymmetric nor symmetric in P and P’. Thus, 
(68F) would in particular not lead to the results (69), (70), 
(72), (75), and (77).—True enough, there is no difference 
between (68) and (68F), if its use is confined to cases, where 
derivatives of delta-functions do not appear, as in Eq. (74), 
or as in quantum electrodynamics with one of the field 
variables taken for Q. But even in quantum electrodynamics, 
as soon as we take for Q, for instance, the spatial derivatives 
of the electric field strength (compare footnote 5), Schwinger’s 
formula leads to wrong results, giving for instance (wrongly) 
00(Ve °Ex) = Vi(curl: °H —4x °jz), instead of (correctly) do(V: E)) 
=V; curl; °H. 
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From 
[W(x’); E(x)] =4rihcj(x’)6(r’), (73) 


one finds after comparison with (49) that for this 
case only fo(P’, P) is different from zero. By (68) 
and by (18) and (64) we thus obtain 


dy °E= U{O.E+4xj} U-'=curl °H+x«,?°A. (74) 


Further by (64) “identities’’ are unchanged in the 
interaction representation. Thus (20) together 
with (69) can by (59) be written as 


°F = 0, °V,—9, °V,, 
while (61) with (74) gives 
Ko? oyr= 


Further, (72) gives 
0, °V’=0. (77) 


From (75)-(77) then follows the wave equation 
{L]—«.?} °V"=0 (78) 
Finally, by (22b) and (24), 


[W(x’); ¥()] 
=e{8(x’) —A(x’) > @}y(x’)d(r’). (79) 


Comparing this with (49) we find again that only 
f{(P’, P) is different from zero here, and (68) 
together with (19) and (64) yields 


do “Y= Ul dwt (e/the)[@—A + a ]y}U 
= {—ixB—aeV} Yy, 


(75) 


0, °F», (76) 


or 
{ k+ yOu} °y=0. (80) 


If this is multiplied from the left by (yv’0,—«), we 
obtain the Klein-Gordon equation for a field of free 


electrons: 
{T—«} °y=0. (81) 


From (75)-(78) and (80)-(81) we see that the 
g-numbers °V’, °F,,, and °y (similarly °y*), which, 
according to the preceding chapter, form a set of 
tensors and undors, in interaction representation 
satisfy field equations ‘‘as if no interactions were 
present.” This actually is the main advantage of 
the interaction representation and enables us to 
solve the field equations (see below) and write 
down their four-dimensional commutation relations 
(next chapter). Also it enables us to distinguish the 
positive and negative frequency part of the field 
in a relativistically invariant way.% An essential 
difference with quantum electrodynamics, however, 
lies in the fact that °V# is not simply the trans- 
formed of the four-vector A“ used in Heisenberg 
representation. 

* See, for instance, J. Schwinger, “Recent developments in 
quantum electrodynamics,”’ notes published at the occasion 


of the Summer Symposium at the University of Michigan 
(Ann Arbor, 1948), or J. Schwinger, Phys. Rev. 75, 651 (1949). 


It has been shown by Schwinger® that the Dirac 
equation (80) for °y can be solved rigorously, if °y 
is given on some space-like surface o (not neces- 
sarily flat), by 


(82) 


"(x)= [ See—x1" Vd! 


and similarly, 


°b(x) = J doy! U(x')y*S(x'—x), (83) 


where S(x) is a Dirac matrix depending on x and 


given by 
Sap(x) = {y*d.— Kk} ap A(x). (84) 


Here, A(x) is a function similar to A,(x) (see Eq. 
(11)), but with x, simply replaced by «x. In the 
integrations (82)—(83), do,’ is a component of a 
surface element of o at a point x’ on it. On the 
other hand, x need not lie on oa, nor is o related in 
any way to the transformation surfaces used by 
(27) in the transformation from Heisenberg repre- 
sentation to interaction representation. 

Schwinger also solves the wave equation for the 
potential four-vector in quantum electrodynamics.” 
We shall solve here the wave equations (77)-(78) 
by a similar method. 

We first define a quantity °B,[o, x] by 


°B,[o, e}= [ CaG@—a')a, °V, (0) 


—°V,(x’)d,’A,(x—x’) do”. (85) 
We remark at once that this quantity actually 
depends only on x and is independent of the choice 
of «. Indeed by Schwinger’s”’ 


— f fle!)do,’=a,"f(x"), (86) 


6a (x’’) 


and by use of (13a) and (78) for °V,(x’) in the 
integrand of (85), it is readily seen that a variation 
of o near the point x’ on o does not change the 
value of °B,. Thence, °B, may be calculated with 
o replaced by a different surface. If one takes 
simply the surface t=constant through the point x 
itself, it follows then by (14) that 


°B,Lo, x ]=°V,(x). (87) 


Thus °B,[o, x] expresses °V,(x) in terms of the 
values °V,(x’) and 0,’ °V,(x’) of the potential and 
its derivatives on an arbitrary surface o (that need 
not pass through x and that need not be flat). 


25 Reference 1, Eqs. (2.23)—(2.27). 
26 Reference 1, Eq. (2.22). 
27 Reference 1, Eq. (1.46) or (2.8). 
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Similarly, it is shown that 


f [A,(x —x’) -0,’0)’ °V,(x") 
; —0,’ °V,(x’) -0,’A,(x—x’) Jdo” =9, °V,(x). (88) 


5. THE COMMUTATION RELATIONS IN INTER- 
ACTION REPRESENTATION 


In Heisenberg representation, we have given in 
Chapter 1 the canonical commutation relations 
between g-numbers in points at equal time. Trans- 
forming the g-numbers by means of (27), taking 
the corresponding surface ¢=constant for o, we find 
that these canonical commutation relations remain 
valid in interaction representation. From them 
follow the commutation relations in interaction 
representation for unequal times by means of the 
equations of motion (75)—(81) solved by (82)—(88). 

The following commutation relations are easily 
verified to satisfy the equations of motion (77)—(78) 
and (80)-(81): 


[° V(x); °V(x’)] 
=Arnihe { gu» — Ko 7040} Ao(x—x’), 


{°Wa(x) 5 a(x’) } = —71Sap(x — x’) 
=1{k—7dr} pA(x—x’), 


{°a(x) 5 “Walx’)} = {°Ya(x) 5 Ya(x’)} =0, (90c) 
[° Valo) 5 Wax’) I=L Vial) 5 Wal’) =0. (90d) 


Also, for t=?’ they are seen to give (22b), (23), (24), 
and (62) by virtue of (14) and (59). Further, the 
commutation relations for °F,, calculated from 
(90a) and (90d) by differentiation check for t=?’ 
with the commutation relations following from 
(20) and (22a). Thus, the commutation relations 
(90) must be generally valid. They could, of 
course, have been derived directly from the 
canonical commutation relations by means of Eqs. 
(82)-(83) and (85)-—(88) in the way discussed by 
Schwinger.” 

Remark that the possibility of commutation 
relations that make the Proca field completely 
commutative with the electron field (see (90d)) is 
based on the fact that we replaced the scalar poten- 
tial °@ by the different quantity °V given by (59), 


(90a) 


(90b) 


28 Equation (88) also follows directly from (85) with (87), 
if we first calculate 0, °B,, replacing 8, by —9)’ where it 
acts on A,. The (—90)’) are then transferred to the other 
factor by —ud,’v=vd)'u—9d)'(uv). The last term here gives 
rise to an integral, which by use of Schwinger’s general relation 
(reference 1, Eq. (1.58)) 


J ar'fe' dor! = f° ay'f()doy’, (89) 


and by subsequent use of (13a) and (78) is seen to vanish. 
Then, for 0, °B, only (88) is left. According to (87) this must 
be 0) °V,. Summing over \=y, it is then seen from (88) that 
the validity of (77) at x follows from its validity on and near 
the surface o. 

29 Reference 1, Eqs. (2.28)—(2.29). 


BELINFANTE 


thus avoiding the complication (24) existing in 
Heisenberg representation.™ 


6. THE HEISENBERG FORM OF THE FIELD EQUA. 
TIONS IN INTERACTION REPRESENTATION 


We shall now show that on account of the 
relativistic commutation relations (90), the field 
equations in interaction representation can be 
written in the form 


thdy °q=[PTh; °g]. (91) 


For °g=°y this has been proved by Schwinger;?! for 
°g=°V, we shall prove it here by a method analo- 
gous to the one used by Schwinger for the potential 
in quantum electrodynamics. 

We put (compare footnote 15) 


1 
°Tl, =—— (a# oye) (Oy is doy 


1C 


1 
——— f fag! Vs Vee °V,)(0" V8) Iden 


8rc 


+h f Py"d, Y-de,, (92) 


where the last term according to Schwinger! 
ensures (91) for °y. 

We remark at once that this expression (92) is 
independent of o. Indeed, by (86) with (80) and 
Oy °W-y"=« °p and by (78), we find 


6°, 1 
=—{[_]°V*-d, °V,—K,? °V°A, °V,} 
ba(x) 4c 


+h Pary"d, Phd, Py")a Y=0. (93) 


Next, we calculate [°I;°V,(x)] by means of 
(90a). We shall indicate by a prime the coordinates 


3° Actually, we might have made this the starting point of a 
large part of our theory. Simply postulating that equations of 
motions (75)-(81) and commutation relations (90) be valid 
after transformation to interaction representation, it would 
have followed at once from (24) and the commutativity of A 
with ¥, that ® should be replaced by V according to (60), 
thus replacing the identity (21) by (61), but that zo corre- 
sponding change in A should be made. As we should expect 
that yet °A should form some kind of a four-vector together 
with °V,—while we know that in sense (A) the vector “A 
formed a four-vector together with “$,—we could have con- 
cluded then that A and (or) °@ necessarily should depend on 
o. This would have shown us that from the insensitivity of 
’Q(x) as to variations of ¢ at a finite distance from x, one cannot 
draw Schwinger’s conclusion (reference 1, between Eqs. (2.4) 
and (2.5)) that “Q(x) should be a point function independent 
of o throughout. Thus, one is automatically led to the more 
careful investigation of the transformation properties in 
interaction representation discussed in Chapter 3. 

31 Reference 1, Eq. (1.65). Here only the ¥-dependent part 
of Schwinger’s expression (1.64), identical with the °y-de- 
pendent part of our expression (92) (compare footnote 15). 
has been used. 
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in the integrand of (92), and first write down terms 
arising from the last term in (90a) only. Omitting 
a factor (—t#x,~*), and denoting A,(x’—x) simply 
by 4.’, we obtain for these terms: 


fi (0’#0’?0,’A,') dy’ ° V,/+ (o’# ° V’?)0y'0,'0,'A,' do,’ 


sf] 
_— K 2? V’*d,/0,/A = (0,’ ’ V,’)0’#0'°0,’A . doy’. 
° ° ° 


By (77) we can bring forward all ‘“‘factors’’ 9,’ 
(letting them operate on °V’? as well as on A,’). 
Then, by Eq. (89) (see footnote 28), and using 
0,'0,’ = 9,'0,’, we can write the result as 


J { (]'0,'A,') dy’ ° V/e+ (LC) ° V')0,'0,'A,’ 


— x,2(0n’ °V"?)0,’A,! — kg? °V"?A'dy’A,! }do,’, 


which vanishes by (13a) and (78). Therefore, only 
terms arising from the term with g,, in (90a) remain. 
They give 


(ih) "PT 5 ° Vs] 


-{ { (0’#A,’)0’ ° V,/+ (0)’A,')0”# ° ay }do,’ 


“ f {«2A0! Vo! + (d,/A,')0’# °V," dor’. (94) 


The second term we integrate by parts with 
respect to x”. If again we apply Eq. (89) of footnote 
28, this term thus yields 


f 8,!(A,'8"* °V,")dox! — J A,'d)/8'* °V,'da,'. 


The first of these terms by (78) cancels the last two 
terms of (94), while the second term, combined 
with the first term of (94), by (13b) and (88) gives 


(th) [PT 5 ° VJ =9 °V,, 


which proves (91) for °g=°V,. 

As all other g-numbers are expressed algebraically 
in terms of °y, °y, °V,, and their derivatives, the 
validity of (91) for any other g-number follows then 
automatically. 

If we write out °II, (as given by Eq. (92)) in 
three-dimensional notation, taking a surface ¢=con- 
stant for o, and we eliminate derivatives with 
respect to time from (92) by means of the equations 
of motion (69), (72), (80), and make use of the 
identities (20) and (61) after some integrations by 


parts, we find 


1 
C _— f do {°E?+°H?+ «“,* °A?+«,? °y?} 
Tv 


+h f doy °Yt(xB—-ia* ¥) °Y; (95) 

1 
m= f doo — °Ee Vi °A— “WtihV;, °y ’ 
4nc 


(k=1, 2,3). (96) 


Comparing these results with (25a—b) and with 
(26), we notice that, by (25), 


c TI =°50y + °C, = PFC — OW, (97) 


Tl; = "Px, (98) 


or, in a pro forma more ‘‘covariant”’ notation, but 
still for o=flat surface t=constant only: 


c °IP =¢ ot f "W(x, «)do*, (99) 


where ‘®* is in interaction representation the 
g-number four-vector of the total energy (# =c"*) 
and total momentum (@; with k=1, 2, 3) trans- 
formed by (27) at the surface o. 


7. THE VACUUM 


It is seen from (25a) or (95) that the unperturbed 
meson field energy 3X; is positive definite.* There- 
fore, if the meson field °V, is expanded in plane 
waves and the terms with the wave factors 
exp(—2zivt) are separated from those with wave 
factors exp(+2zivt), the former (denoted by °V,“ 
in Schwinger’s notation)™* will contain only anni- 
hilation operators, and the latter (°V,“) will con- 
tain only creation operators, if the meson field is 
expressed in terms of Jordan-Klein matrices. 

If empty space is considered as a state, in which 
in zero-order approximation no mesons are present, 
we may describe such a state by a situation func- 
tional WV) satisfying in zero-order approximation 
the condition® 

VOW o) =0. (100) 


The two fields °V,‘*? and °V,“@ both satisfy the 
wave equations (77)—(78). By their definitions and 
by (90a) with (12) they also obviously satisfy the 

% This in contrast to the unperturbed field energy of an 


electromagnetic field, which, with S=0,A’, is given in quantum 
electrodynamics by the g-number 


(8x)! | {E?+ H?—2¢ divE+25S divA—S?*}. 


3% In quantum electrodynamics the corresponding con- 
dition is impossible. There only for the transverse part of the 
vector potential one might postulate Ay‘ Wo, =0 for empty 
space. 
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commutation relations 
PV, (x) 5 °V(2")] 


=[°V,O (x) 5 °V,O(%)J=0 (101) 
and 


[PVM (x) 5 °ViO (x’)] 
=Anthe { guy— k, 0407} A, (x —x’), 
{Zu Or} (102) 
PV. (x) 5 °V (x’)] 
=4mihe { gu»— x00, } A, (x—x’), 
where A,“ (x) is given, with «,=+(x,2+k?)!, by 


1 
A, (x) wer i! dke,—! exp(tk ° xXFte,ct), (103) 
Tv 


so that 


A, (x) + A,© (x) =A, (x). (104) 


8. THE FIRST APPROXIMATION SCHWINGER 
TRANSFORMATION 


By (25c), (21), and (59)-(61), the interaction 
operator in (31) for a surface at x tangent to 
t=constant is given by 


°W(x) = —°j* °A—K,~? °p div °E+2rx,~ °p? 


= —°j, °V¥+ 2x, °j,N* °j,N’. (105) 
This interaction causes perturbation of any initial 
state in which in zero-order approximation a 
number of given free Dirac particles and mesons was 
present. In particular, the first term —°j, °V* may 
cause virtual emission of mesons, which in second 
order may cause a direct interaction between the 
Dirac particles, competing with the direct inter- 
action through 27x,~? °p*. This direct interaction 
we shall now determine by Schwinger’s method of 
canonical transformations. 

This method applies in general a canonical 


transformation of the type 
W'[o] = exp(—2S[o]) ¥[o], (106) 


with 


S[o]=- (hey dw’ °w(x’). (107) 


Here, °w(x) is a point function describing the per- 
turbation (see below). In case of a perturbation, 
which in first-order causes merely virtual processes, 
the limits of integration in (107) are given by™ 


ff ar =f - fo few: 


i pt 
= | dw’: e(x’, a) aac (108) 
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with ¢(x’,co)=+1 (or =-—1), if x’ lies on the 
future (or past) side of o. 

The transformed situation functional W’[o] of 
(106) is then found to satisfy a Schroedinger equa- 
tion*™ 


the(6v'[o ]/0(x))=W'(x)¥’Lo], (109) 


with 


W' =°W—°w+i[(°W—} °w); S] 


1 
~ 9 a s (110) 


For °w now we choose the operator, of which we 
want to determine the second-order effect; in our 
case, the terms linear in e in °W, that is, 


“w= — 9, ° V4. (111) 

One reason why for °w we cannot well take the 
complete interaction operator °W (as done in 
quantum electrodynamics)™ is the fact that S in 
(107) should be a function of the one surface o at 
the limit of integration only. Therefore °w(x’) in 
(107) should be simply a point function and should 
not, like the last term in (105), depend on some 
time-like direction N* at x’.* Therefore, use of the 
whole interaction operator for °w would make it 
difficult to consider W’[o] as a functional of the 
one surface o only.*6 

For the sake of simplicity we shall now, in our 
following calculations, take for o in (106)—(109) 
simply a surface at x tangent to x®=constant (=7). 
Also we perform the calculation of W’ here up to 
terms quadratic in e only. Thus, one finds from (110) 
with (111), (105), and with °j,N*=°p for the surface 
chosen: 


W! = 2ax.* °p?—Fa[j °V%3 S]---. (112) 
The last term in (112) gives by (107), (108), (114), 
* This follows from 
ihcbW’' / da = {ihc(Se*5/5a)e*S+-e-*8 Weis} w’ 


be~*8 gS i [18S/30} 5 SIM) 
“-k =z (n+1)! 


with 





and 
e-i8 “Weis= Dd —1°W} 3S], 
n=07; 


where [{A}; B]()=A, and where 
[{A}; B]@+) = [{A};B]@-B—B- [{A}; B]@. 


Further, hc5S/d0 = —i °w by Eq. (107). 

% As long as we confine ourselves completely to flat surfaces 
g, this is of course more an argument of plausibility, as we 
might still define N* at x’ then as perpendicular to the 
distant surface oc. 

8°For this reason it would be impossible to add the term 
2mx,~* °p? to °w even if one would replace (108) by an integra- 
tion from the infinite past to the surface o (see reference 24) 
in an attempt to*take into account the non-virtual processes 
involved in such a perturbation. 
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and (90a), and with the abbreviation ¢’=e(x’, a), 


Gate) fC o Vn: oF A oY} edu’ 


1 
” She fecasier-ersev 
Shc 
+ [jus PIT: (° V4 5 OV} deo’ 
mma | init: (gh 0,20"00") 
XA,(x—x’)- dw’ + We, (113) 
where AB = 3(AB+BA), and where 


W2 = (t/4hc) f [°5n3 °h/]-°V*° V+ eda’. (114) 


The terms with x,.~? in (113) we integrate by 
parts with respect to x,’. Then 0’#e’ will be different 
from zero on the surface oa itself only. There, how- 
ever, x—x’ is space-like and 0’’A,(x—x’) will 
vanish except at x=x’ itself, where 0’°A,(x—<x’) 
=g"§(x’—x) by (13b) and (14b). Near x=x’, 


| however, o is the surface x”=7, so that there we 


have 


O’#e! = 2g5(x"9— 7). (115) 


Combining these results we get 
(0’#e’)0""Ag (x —x’) = 2gH9g5(x’—x). (116) 


Using this equation we find for the discussed terms 
with x ~? in (113) exactly —2x,.~?°p?, which 
cancels the first term in (112). Thus one finds, up 
to e: 

W'=W,+ Wz, (117) 


where W2 is given by (114), while the terms with 
gin (113) give 


Wo(x) = —% °j?(x) -°by(x) 
with (by e’ = —sgn(¢—?’)) 


(118) 


°by(x) = — 2m J °j(x’) A(x —x’) 
. -sgn(t—t’) dw’. 


(119) 


By comparison with (9) we see at once that 
*b,(x) is a solution of 


{L]—«,?} °b,(x) = —4n °j,(x), 


and takes for x,.—0 so-to-say the place of the aver- 
age between the retarded and the advanced 
potential (compare Eq. (15)). However remark 
that °b,(x) is not simply the transformed of A,“*"*t(x) 
in interaction representation. This transformed 


(120) 


quantity would be obtained by U,A,**"tU,— with 
o through x, while in our present °b,, the 7,(x’) in 
the integrand of (119) have been transformed by 
U. with o’ through x’. 

For x,.—0, the first term in (117) goes over into 
the Mller interaction between electrons. The 
second term describes two-quanta radiation effects. 
Both are after all simply scalar point functions 
independent of the slope of the surface o through x. 
Indeed, the only dependency on ¢ could enter these 
expressions through the factor e’ in (114). But in 
(114) the commutator [°j,;°j,’] will make the 
integrand zero wherever x—x’ is space-like. That 
is, just the region where o lies and where e’ jumps 
from —1 to +1. If, therefore, the slope of o through 
x is changed, this has no influence on the value of 
(114). Thence, (117) does not depend on the slope 
of o through x. 


9. THE ENERGY-MOMENTUM FOUR-VECTOR AFTER 
CANONICAL TRANSFORMATION 


The transformation (106) changes observables by 


O =e Qeis=F —1(°0}; SI 


n=0 n! 
="0-+i1°Q; S1- HO; SI; SI». 


(Compare footnote 34 for the notation.) For the 
unperturbed energy and momentum four-vector °II, 
of interaction representation given by (92) (com- 
pare (99)) this gives 


(121) 


1 
Ty’ =°M,+7[°Ih 5 a e S]; S]-++. (122) 
Here, by (107)—(108) and (91), 
. 1 
ic[°T,; S]J= | dw’ +d,’ °w(x’). (123) 


We integrate by parts with respect to x,’ and use 
(115): 


tc[° TI) ; sis f dws’ +5 (x’°— 7) °w(x’) 


=6)? f dav! °w(x") = f doy’ °w(x’). (124) 


Here, we have obviously omitted minus a similar 
integral over the infinite past,” which corresponds 
to the assumption that at = — « the perturbation 


37Or the average over infinite past and infinite future, 
which is the same, as (8, °w) as a perturbation would cause 
virtual processes only. 





4 
‘ 

; 
if 
iy 
+ 
j 
#3 
i 


80 FREDERIK J. 


did not yet exist and later was switched on infinitely 


slowly. 
Substitution of (124) into (122) yields 


1 
cll,’ =c m+ f dan} "w+ C03 S]--- (125) 


Thence, by (99) and (121), the total energy- 
momentum four-vector is now given by 
00 4” 
cP,’ =c mht f doy:> [{°w}; S]™ 
‘ n=0 \(n+1)! 


4” 
—“1w}; sym ). (126) 
n! 
or, by (110) or footnote 34, 


coy! =0°th,— f doy: W'G). (127) 


This shows that W’(x) is not only the new 
“interaction operator’ by (109), but is also the 
new interaction energy. On the other hand, the 
unperturbed energy-momentum four-vector is then 
always given by the same old (un-transformed) 
°TI,, which still can be used by (92) for the calcula- 
tion of derivatives of functions of field variables. 
It should be borne in mind, though, that physically 
the four-vector °I], in the first approximation 
Schwinger representation (with W’) is not identical 
with the quantity denoted by this same °II, in 
interaction representation (with W).*° The latter 
quantity would of course be given by II)’ (125) in 
first approximation Schwinger representation. 


10. CONCLUSIONS 


We have shown in the preceding chapters how a 
meson theory can be described in an interaction 
representation and how one can proceed with 
canonical transformations in close analogy to 
Schwinger’s development of quantum electro- 
dynamics. There were, however, a number of com- 
plications, already listed in the introduction, which 
made it necessary to consider several points with 
more care than in quantum electrodynamics, and 
which made it necessary to criticize certain for- 
mulas and conclusions of Schwinger (see footnotes 
23 and 30). 

In particular, we found that Schwinger’s formu- 
lation of the generalized Schroedinger equation in 


3% This assumption seems just as good or as bad as the 
basic idea_of Schwinger’s perturbation method that, at 
t= — ©, W[o] should be simply the unperturbed state W’[o]. 

*°That is, (W’*, 1,¥’) is obviously not identical with 
(¥*, IY). 
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interaction representation, with the non-scalar 
interaction energies of meson theories, is only 
correct, if the interaction operator is taken in a 
Lorentz frame with its time-axis perpendicular to 
the surface o. Then, the Schroedinger equation 
turned out to be integrable automatically (Chapter 
2). The field variables in interaction representation 
°Q(x) were in general no pure point functions, unless 
the surfaces o used were confined to surfaces per- 
pendicular to the time-axis used. The field variables 
°Q defined by such surfaces were then shown to 
transform different from the original field variables 
Q in the Heisenberg representation; but certain 
combinations of the °Q could then be defined, which 
formed tensors and undors among each other 
(Chapter 3). 

These combinations were then shown to satisfy 
field equations as if no interactions would be 
present (Chapter 4), and these field equations 
could be solved in a general form. The com. 
mutation relations could then be formulated four- 
dimensionally (Chapter 5) and were automatically 
such that the new ‘‘meson field’’-components (com- 
binations) were commutative with the matter field. 

In interaction representation, the field equations 
could also be given in a Heisenberg form (Chapter 6), 
using the unperturbed energy as the ‘‘Hamiltonian.” 
On the other hand, only the perturbation energy 
was used as ‘“Hamiltonian’’ in the Schroedinger 
equation, and the total energy was the sum of 
these two expressions. 

It was shown in Chapter 7 that the absence of 
mesons could be formulated by the simple condi- 
tion (100). In quantum electrodynamics a similar 
assumption would be meaningless, unless it is 
restricted to the transverse field. In this regard, the 
meson field has some advantage of simplicity over 
the regular Maxwell-Lorentz-Fermi field. 

It may perhaps be pointed out here that, by a 
proper treatment, all the usual electromagnetic 
properties of matter can be explained completely 
by means of fields of mesons of vanishing mass.” 

Finally, it was shown in Chapters 8 and 9 how 
Schwinger’s perturbation method of subsequent 
canonical transformations can be applied. also in 
meson theory, though also here some complications 
arise from the fact that in (107) we could not take 
the complete interaction operator for °w. In Chapter 
9 we verified that the interaction operator also 
after canonical transformation still can be regarded 
as the interaction energy, while the unperturbed 
energy, as a g-number unchanged in form by the 
transformation, is changed on the other hand in its 
physical meaning.*® 


40 Compare footnote 7, and reference given there. 
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unrecognized process is suggested. 
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Recent measurements have been made of the intensity of radiation from the low voltage arc in helium 
as a function of gas density, tube current and tube potential. The experimental results indicate that the 
radiation is the result of a primary electron process. This process has been generally assumed to be direct 
excitation. Such an explanation is not fully in accord with the phenomena observed. The possibility of an 
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Dles 
ain INTRODUCTION 
= N an attempt to lay a foundation for study of the 
abundance curves of quantitative spectrochemical 
sfy analysis, O. S. Duffendack and 0. G. Koppius! inves- 
be Im tigated the variation of intensity with abundance in gas 
ons mixtures. Over the range in densities investigated, the 
m-. fg curves were found to be of the saturation type. This 
ur. saturation was interpreted as the complete utilization 
lly of available primary electrons in inelastic impacts, direct 
m- excitation being regarded as the source of the radiation. 
Id. The initial purpose of the present research was to 
ng fe extend this knowledge to more complex cases involving 


primary electrons of sufficient energy to undergo mul- 
tiple collisions. For this purpose intensity versus helium 
abundance curves were plotted for a number of electron 
velocities. It was immediately apparent that the simple 
excitation theory was not capable of satisfactory ex- 
tension either to variable electron velocity or large 
abundances. The projected research then developed a 
twofold objective: first, to obtain exact information 
about the dependence of the discharge intensity upon 
its controlling variables, and second, to propose a more 
satisfactory mechanism to account for the observed 
results. Accordingly a precise investigation was made 
of the density-intensity and current-intensity relations 
in the discharge over wide ranges of gas density and 
current. Many attempts were made to formulate cor- 
rections of the simple excitation theory which would 
explain the observed data, but no progress has been 
made toward an adequate approximation. 


PART I 
Apparatus 


Many experimental tubes were employed during the 
course of the investigations. In their basic features the 
tubes were all quite similar. A cylindrical cathede 4mm 
in diameter and 50 mm long, coated with a mixture of 
barium and strontium oxides was surrounded by a con- 
centric anode cylinder 16 mm in diameter. The system 
was then placed with its axis perpendicular to a plane 


Ea a ee i: i ae A sox OQ ® 


* Now at the University of Oklahoma, Norman, Oklahoma. 
** Now at Philips Research Laboratories, Irvington-on-Hudson, 
New York. 
a . O. S. Duffendack and O. G. Koppius, Phys. Rev. 55, 1199 
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quartz viewing window, through which the entire 
discharge could be observed with a spectrograph. 

Tube elements were made of nickel; leads were 
tungsten sealed to glass, and the one piece construction 
of the tubes was completed, in the case of the principal 
experimental tubes, with quartz windows sealed on by 
means of graded seals. The tubes were then connected 
to a mercury diffusion pump via a barium getter tube, 
sodium trap, and liquid air traps. It was possible to 
isolate the system from the pumps by stopcocks. 

The various tube elements were thoroughly out- 
gassed by means of an induction furnace or direct elec- 
trical heating. The barium getter served to remove any 
belated traces of carbon dioxide released by the oxide 
coating. The sodium getter and liquid air prevented 
mercury vapour from diffusing into the tube from the 
MacLeod gauges. Hydrocarbon vapors from the greased 
stopcocks were controlled by the liquid air. The effec- 
tiveness of these precautions was attested by the fact 
that only slight traces of the extremely sensitive carbon 
monoxide bands in the ultraviolet were observed in an 
intense three-day exposure of the discharge in helium. 

Oxide-coated equipotential cathodes were used to 
restrict the range of velocities of the emitted electrons. 
No tests were made of the actual distributions involved, 
but it was assumed that deviations are small on the 
average, since previous investigators have demon- 
strated the homogeneity of the electron beams obtained 
in this manner. 

Helium was chosen as the medium of the research, 
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Fic. 1. Abundance curves for five characteristic transitions in 
the low pressure region. Tube potential 70 volt: tube current 50 
milliamperes. 
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Fic. 2. Abundance curves for four characteristic transitions in 


the middle pressure region. Tube potential 70 volts; tube current 
50 milliamperes. 








because of the simplicity of its spectrum, its chemical 
inertness, and the ease of manipulation in vacuum 
technique. 

Since the relative intensities of the spectral lines were 
measured by a method of photographic spectro- 
photometry, methods of plate calibration and standard 
intensities became a critical factor in the investigations. 
The choice of helium for a gas made the spectral lines 
available for use fall in a rather undesirable sensitivity 
region of the photographic emulsion. In the visible and 
near ultraviolet, the change in plate contrast with 
wave-length renders the use of an internal calibration 
unreliable over large ranges of intensity variation, if 
the wave-length separation of the line pairs is appre- 
ciable. For this reason a modification of the ordinary 
procedure was adopted. Studies of the glow discharge 
in helium have shown that this discharge remains sen- 
sibly constant in intensity if the tube is properly pre- 
pared and the discharge circuit carefully controlled. 
Such a lamp, diaphragmed to the requirements of a 
point source, was placed on an optical bench so that its 
alignment and distance from the spectrograph slit could 
be accurately and quickly set, and a succession of cali- 
bration exposures was taken at graded distances, using 
the same exposure time that was used on the experi- 
mental spectra. By use of the inverse square law it was 
then possible to obtain a calibration at every desired 
helium wave-length, calibrated in light of exactly that 
wave-length. The intensity ratios of the experimental 
wave-lengths could thus be measured in units of the 
intensity of the identical wave-lengths emitted by this 
particular glow discharge tube. 

A medium dispersion Hilger quartz spectrograph 
provided ample resolution for this work, and was used 
because of its speed and convenience. The spectrograph 
was fitted with a fixed slit to avoid the uncertainties 
inherent in a movable slit. 

Eastman 103-B and Wratten Process Panchromatic 
plates were used, and photometry was carried out on a 
direct reading modified Moll-type microphotometer. 
The precision of this instrument was such that gal- 
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Fic. 3. Abundance curves for five characteristic transitions in 
the high pressure region. Tube potential 50 volts; tube current 30 
milliamperes. 


vanometer deflections could be reproduced within 2 
percent over a period of several hours. 

The electrical circuits involved were extremely 
simple. It was chiefly necessary to have plate and fila- 
ment supplies which did not vary appreciably during 
the interval required for the longest exposure, This was 
accomplished by using storage batteries in a balanced 
charge-discharge circuit. Such an arrangement was 
stable enough to reduce fluctuations in the plate 
voltage to less than 1 percent. 


Quantitative Experimental Results 


The dependence of the intensity of the spectral lines 
upon tube current was investigated at both high and 
low gas densities holding tube potential constant. The 
relationship was found to be linear within the experi- 
mental error between the extremes of 1.410" and 
2.5X10'* atoms per cubic centimeter.*** This rela- 
tionship was observed for all types of transitions, and 
over a current range from one to one hundred milli- 
amperes. This is in accordance with and further ex- 
tended by the work of Lees? who reports a linear de- 
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Fic. 4. A family of abundance curves at various tube potentials 
for the 5015A line of helium; 10 milliamperes tube current. 


*** The range of these measurements has been extended 
recently to 108 atoms per cubic centimeter in a series of experi- 
ments which will be reported later. No essential deviations from 
linearity have been observed. 

2 J. H. Lees, Proc. Roy. Soc. 137, 173 (1932). 
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pendence existing as low as 0.2 milliampere for all 
transitions. 

Spectral intensities as a function of gas density in 
particles per unit volume were investigated over a wide 
range of density extending from 2X10" to 1X10 
molecules per cubic centimeter holding tube current 
and potential constant, for several representatives of 
each of five different line series in helium. These are 
given in Figs. 1, 2, and 3, plotted in different scales to 
bring out different regions of. significance. Only one 
representative of each series is given, for it was found 
that all members of a given series have essentially the 
same form. Intensities are arbitrary for each line, being 
expressed in terms of the intensity of the same line in 
the standard lamp. 

Particular attention should be paid to the form of 
these curves in the region of low densities, and in the 
region of high densities. At low densities the decrease of 
intensity is frequently in accord with a higher power of 
the density than the first power. This has been observed 
in every case and under comparable circumstances by 
Lees. 

It was at first thought that the rapidly decreasing 
intensity of the discharge at high densities might result 
from occulatation of the part of the discharge in the 
vicinity of the rear of the 50-mm long cathode by the 
front end of the cathode. A lens was therefore intro- 
duced between the spectrograph slit and discharge tube 
in such a position that the image of the rear of the 
cathode as seen from the collimator lens of the spectro- 
graph appeared slightly larger than the image of the 
front end. The light from the rear of the cathode should 
then have been 90 percent recorded even in the case of 
discharge layers extremely close to the cathode surface. 
This, combined with an improved technique of photom- 
etry, produced only a slight reduction in the rate of 
decay from saturation as can be seen by comparing 
Figs. 3 and 4. 

All of the density curves have essentially the same 
form, rate of decay, and location of the maximum. One 
outstanding exception is found in the 2*P— 3*D transition 
which had a broader maximum and slower rate of decay 
than the others. The maximum was located at about 15 
mm Hg pressure, about five times the value found forother 
transitions. Since this transition is the yellow line at 
5875A, the anomaly leads to a pronounced color change 
in the discharge between high and low pressures, the 
high pressure discharge being yellow, while the low 
pressure discharge is blue green. 

Intensity as a function of density at different tube 
potentials holding current constant is given as a family 
of curves for the 2'S—3!P transition (5015A) of helium 
in Fig. 4. These measurements are somewhat inferior to 
those of the curves of Figs. 1-3, since they were made 
earlier using a step diaphragm calibration and an 
internal standard calibration line. This resulted in 
undue emphasis of the departure from linearity at low 
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_ Fic. 5. Density (in atoms per cc) versus gas pressure in mil- 

limeters. For use with Figs. 1-4. The densities have been computed 

yp Prcan use of gas temperatures measured under operating con- 
itions. 


TABLE I. Gas temperatures °K. 











Radius (cm) 

Pressure 0.00 0.58 

(mm Hg) (cathode) 0.15 0.29 0.44 (anode) 
4.74 586 546 540 493 480 
1.84 533 518 492 466 446 
1.05 516 493 462 448 433 
0.39 457 437 421 408 397 
0.17 441 422  & 381 369 
0.044 416 400 378 366 359 
0.014 470 449 417 396 383 
0.005 468 447 415 394 381 








densities and the decay from saturation at high den- 
sities. 

Figure 5 is a conversion curve to give gas densities . 
from the experimentally observed pressures. Extensive 
measurements were made of gas temperatures in the 
discharge to obtain the data for Fig. 5. The tempera- 
tures were measured by means of a fine wire platinum- 
platinum rhodium thermocouple mounted as a probe 
which could be passed at will through a hole in the 
anode. Data were taken on the temperature with dis- 
charge on and off over the entire range of gas pressures 
used, and at several positions between anode and 
cathode. 

The actual significance of such temperature measure- 
ments in gases at low pressure is uncertain. It was 
assumed, however that the results were an approxima- 
tion to the true gas temperature. Other than the use of a 
very fine thermocouple wire, no precautions were taken 
against loss of energy by conduction, so that the tem- 
peratures must be regarded as minimum values. 

At first the probe was used naked, but in a later 
series of experiments a small shield was placed over the 
tip, thermally insulated from it, to reduce the effect of 
radiation on the couple. Measurements were made on 
the gas temperature as a function of position of the 
probe and gas pressure maintaining the plate current 
constant at 40 ma and the plate voltage at 70 volts. 
These data are given in Table I. 

The data in Table I include the effect of radiation on 
the thermocouple. This accounts for the rise in apparent 
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TABLE II. Curve fitted cross sections for hypothetical 
collisions of the second kind. 








q2 Probability 





1.2 10-4 cm? 0.5 

2X 10- cm? 0.5 

6X 1071 cm? 0.14 
4X 10-16 cm? 0.16 
2X 1079 cm? 0.00006 
2.5 10716 cm? 0.12 
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temperatures at the lower pressures. The temperature 
due to radiation alone was estimated by adjusting the 
color temperature of the cathode in vacuum to the same 
as that observed with gas in the tube. This showed the 
equilibrium temperature for the couple, under radiation 
only, to vary from 343°K at the anode to 392°K at the 
cathode for pressures greater than 0.050 mm Hg, and 
from 405°K at the anode to 508°K at cathode for the 
space charge limited case (less than 10-* mm Hg). 

It may be concluded from this that the temperature 
of the gas does not vary extravagantly from cathode to 
anode. In the observation of the pressure curves, 
measurements were made on the temperatures of the 
discharge at a point halfway from cathode to anode, 
using the shielded probe. These temperatures were used 
to compute the gas densities. They varied from 363°K 
at 0.011 mm Hg to 563°K at 10.4 mm Hg. 


Interpretation of the Results 


Conventional approaches to the analysis of the ex- 
‘perimental data had been planned before the experi- 
ments were performed, along the lines indicated by 
Koppius.! Basic to this approach was the assumption 
that the radiation observed is the result of direct excita- 
tion by electron impact. Implied also are assumptions 
regarding the mechanism of the low voltage arc. These 
are, briefly, that the thermionically emitting cathode is 
surrounded by a thin single or double sheath, the thick-- 
ness of which depends on tube potential and gas 
density, with practically the entire anode-cathode 
potential difference being concentrated in the region of 
this sheath.! The rest of the discharge space is filled 
with a plasma in which weak long range fields are 
experienced by the charged particles. The plasma serves 
as a reservoir of positive ions from which the positive 
ion space charge of the sheath is maintained. Electrons 
accelerated by the strong cathode fall of potential in 
the sheath produce ionization and excitation in the 
plasma while moving as in a field free space. Difficulty 
was encountered early when an attempt was made to 
discuss the experimental results on the basis of this 
assumption. The theory developed by Koppius calls 
for exponential saturation curves of the form 


I=Ip(1—e-¥) 
where J is the intensity of the radiation at the gas 


density D, J» is the intensity at full utilization of the 
primary electrons, Q is the total cross section for 


inelastic impacts, and L is a discharge-space parameter, 
Such an equation obviously does not describe the ob- 
served behavior of the density-intensity curves at 
either end of the density scale. 

Any departure from a saturation curve of this form 
implies either that there is a deficiency in the production 
of excited systems, or that there is a process of destruc- 
tion of these systems other than the radiative process, 
A number of possible processes have been considered, 
all of which have seemed unsuitable to account for this 
behavior: (1) Collisions of the second kind between 
excited atoms and either plasma electrons or normal 
atoms; (2) extinction of excited atoms by diffusion to 
the electrodes and walls; (3) a reduction in the actual 
number of primary electrons because total (electron 
plus positive ion) current was maintained constant 
under experimental conditions while the positive ion 
current must increase with increasing gas density; 
(4) loss of primary electron energy by electron-electron 
impacts in the plasma. 

Considering each of these processes, diffusion losses 
must be so rare as to be negligible in the extreme, while 
collisions of the second kind are of uncertain im- 
portance. The loss of excited systems of a particular 
state 7 between plane electrodes one of which emits 
primary electrons will be governed under the assump- 
tions cited by Koppius by the differential equation 


6 aC t 
— —— Dox AjxvC—q2DCv—92'C Cve= —-9;De-9*._— (1) 
D dx? e 


In this equation C=excited atom concentration, 
D=normal atom concentration, 6= diffusion coefficient 
at unit concentration, A;,=Einstein transition prob- 
ability from state 7 to state k, gz=cross section for 
normal atom-excited atom collisions of the second kind, 
g2’=cross section for excited atom—plasma electron 


Fic. 6. Radiation produced in helium by an electron beam 
projected into space. 60 volts accelerating potential; 0.1 mm 
pressure. 
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collisions of the second kind, C,=plasma electron con- 
centration, »%=plasma electron velocity, v=average 
speed of gas molecules, 7=primary electron current, 
e= electron charge, g;= cross section for excitation of state. 
j, Q=total collision cross section for inelastic impacts. 

The relative importance of the diffusion term can be 
determined by an investigation of the number of atoms 
lost at the boundaries relative to those emitting radia- 
tion freely in space. This is found to vary asymptotically 
as the fraction (DQ?0/A,)!, where Aj;=)-i A jx. Evalu- 
ation using 6=1.4X10'® cm/sec., Q=8X10- cm? 
(after Normand), A;=10" sec, and D=2.5X10" 
atoms per cc (this value being that at which the decay 
in intensity is half), fixes the proportion between these 
losses at about 1:10°, a wholly negligible amount. 

Collisions of the second kind between excited atoms 
and plasma electrons, will only be important if the 
second and fourth terms of Eq. (1) are of the same 
order of magnitude. Assuming that the concentration 
of ions does not exceed 1 percent that of neutral atoms 
and that there is an average electron energy of about 
1 volt, ge’ must be of the order of 10~ cm’, if all 
collisions are inelastic. Although this is rather large it 
is not prohibitive, and a second argument is more 
certain. Such a process is jointly proportional in fre- 
quency to two quantities (C, and C) which each vary 
linearly with current. Its effect upon the tube intensity 
should thus be quadratic in current. Since, however, the 
tube intensity was found to vary linearly with tube 
current, the presence of such a process is unlikely. 

The loss of excited atoms by collisions of the second 
kind with normal atoms is much more likely to be 
important. The solution of Eq. (1) for this process 
would be 


P In(1— —QDL) 
1+ (qqvD/A;) 


(2) 





Fic. 7. Radiation produced in helium by an electron beam 
projected between metal plates, in comparison with Fig. 6, the 
influence of the electrodes on the contour of the discharge can be 
seen. 0.04 mm pressure; 60 volts accelerating potential. 
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Fic. 8. Spectrogram of the glow 
around an electron beam projected 
between metallic electrodes. 100 
volts accelerating potential; 0.06 
mm pressure. 





where Jo is the saturation intensity neglecting losses. 
This equation can be made to give an excellent fit to the 
observed data, and the cross section gz which would be 
needed can be evaluated. In Table II values of this 
cross section for several observed transitions are given. 
Given also is an estimate of the ratio between this cross 
section and a theoretical cross section calculated from 
radii of the normal and excited atoms. This might be 
interpreted as the probability of the process. Seemingly 
satisfactory as the general agreement is, the process 
demands that an overly large proportion of the col- 
lisions result in a complete transfer of the excitation 
energy to kinetic energy. In addition, certain other data 
which will be described in Part II of this paper seem 
capable of common explanation, which this does not 
afford. It is extremely probable, however, that this 
process is in some measure active in the discharge. It is 
impossible to decide for or against this process on a 
basis of these experiments. 

Of the processes affecting the number of primary 
electrons available, the reduction of the actual number 
of primary electrons available for impact when total 
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tube current is held constant, cannot be evaluated 
without a solution of the second order, second degree, 
inhomogeneous differential equation governing the 
behavior of free ions. If recombination could be neg- 
lected, the primary electron current would be 


ie=ir/(1+29:/Q) 


in terms of the tube current ir. This represents a maxi- 
mum of the reduction to be expected from this cause, 
and would amount to about 3. It is certainly not 
adequate to explain the observed decay of intensity, 

The second process, impacts between the primary 
electrons and the plasma electrons, is a matter for 
uncertainty. Diverse opinions have been expressed on 
the importance of this process. A wave mechanical 
treatment of the problem of the energy losses of low 
speed electrons traveling through an electron gas has 
not been found. Such classical computations as have 
been attempted seem to place the process very close to 
the border of significance. Further attention must be 
given to this possibility, even though any large losses 
from such a process would be expected to affect the 
tube current—intensity relation in a fashion other than 
linearly. 

During the period in which the experiments de- 
scribed above were done, the observations from another 
set of experiments suggested an alternative explanation 
to the authors. These experiments will be described in 
Part II of this paper. 

Diffusion processes might be invoked to account for 
the decay in tube intensity with density if the lifetime 
of the system radiating were sufficiently long to permit 
migration. Serious consideration of the free ion as such 
a possible system is precluded by the necessary quad- 
ratic dependence of random recombination losses upon 
ion concentration, which must lead to non-linear 
dependence of intensity on tube current at all densities. 





Fic. 9. Photograph, using green filter, of the 5875A glow about 
a beam passing between metallic plates. The accelerating potential 
on the beam has been increased to 100 volts. 


To explain the observed effects as a diffusion process, 
and at the same time to satisfy the observed current- 
intensity relation requires the loss of excited systems to 
be a linear function of the concentration of the systems. 
Thus it is proposed that there may exist a process, as 
yet unrecognized explicitly, which fulfills these con- 
ditions. 

Specifically it is suggested that in dense plasma 
regions the local fields are intense enough that the 
problem of recombination cannot be treated as the 
statistical extension of the problem of the incidence of a 
plane wave upon a center of force. The plasma electrons 
may not be free agents, but may bear established rela- 
tionships with respect to the plasma as a whole as do 
the electrons in a metal. It is well established that in 
their diffusion, ions and electrons assist each other to 
migrate. During this process their mutual relations may 
be such as to promote recombination at a rate inde- 
pendent of the electron concentration. This process is 
essentially the one proposed by Franck,’ and described 
as initial recombination. There have been others as 
well who proposed linear laws of recombination.‘ 

In Fig. 3 a plot is made of the function which is 
obtained from the differential equation arising from a 
linear law of recombination. The constants used in the 
computation of this curve were the best which could be 
arrived at from the available data. The total inelastic 
collision cross section was estimated at 8X 10—” cm? by 
subtracting the theoretical elastic cross sections given 
by Mott and Massey® from the total collision cross 
sections of Normand.® The diffusion coefficient at unit 
density was calculated to be 2.010” cm7 sec. from 
the expression given by Schottky’ for the ambipolar 
diffusion coefficient, using the kinetic theory value of 
the molecular diffusion coefficient, the gas temperature 
as measured in the discharge tube, and electron tem- 
peratures of the order of magnitude reported by 
Koppius. The linear recombination coefficient was 
chosen as 3X 10° sec.~! for reasons which will be cited. 
later. The curve obtained does not decay quite as 
rapidly as the experimental curves, but has the same 
general shape and the maximum is in the same general. 
vicinity. While the introduction of a recombination 
hypothesis may itself be gratuitous, it should be noted 
that the other possibility (collisions of the second kind) 
could be active here also to reduce the population of the 
excited states and cause a greater rate of decay than was 
predicted by recombination alone. 


3 J. Franck, J. Franklin Inst. 205, 473 (1928). 

* H. W. Webb and D. Sinclair, Phys. Rev. 37, 182 (1931); W. R. 
Harper, Phil. Mag. 29, 434 (1940); P. J. Nolan, Proc. Royal Irish 
Acad. 46A, 77 (1940); F. L. Mohler and C. Boeckner, Bur. Stand. 
J. Research 2, 489 (1929). 

5 N. F. Mott and H. S. W. Massey, Theory of Atomic Collisions 
(Clarendon Press, Oxford, 1933), p. 178. 

*C. E. Normand, Phys. Rev. 35, 1217 (1930). 

™W. Schottky, Physik Zeits. 25, 342 (1924). 
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PART II 
Introduction 


In one of the early experiments described in Part I 
it was observed that a beam of electrons emerging from 
a hole in the anode possessed a geometrically sharp 
core, but was surrounded by a nebulous cloud of glow 
which spread in all directions. This beam was assumed 
to be well collimated because of the large ratio between 
the electron energy supplied by the tube potential and 
the thermal agitation energy for electrons leaving the 
cathode surface, but this effusion of glow has been 
observed by others* even with beams carefully col- 
limated by successive pinholes. While there are cer- 
tainly other origins possible for this effused glow, the 
phenomenon would be a necessary attribute of such a 
diffusion process as was proposed in Part I, and hence 
was given further study. 


Apparatus 


Tubes were constructed in which a beam of electrons 
could be admitted to a spacious region visible through a 
large quartz window. In one style of tube the beam was 
flanked on both sides by a pair of electrodes 4 cm apart 
by means of which a field could be applied to the region 
containing the beam. A discharge was maintained 
between a cylindrical cathode and anode as in the 
previous experiments. The anode cylinder was attached 
to a plane metal shield cut to fill the aperture between 
the tube housing the discharge and the tube for viewing 
the beam. A 4 mm diameter hole was made through 
cylinder and shield on their line of tangency. An intense 
discharge of about 100 milliamperes was maintained in 
the main discharge, and on a basis of the relative areas 
of the hole in the anode cylinder through which the 
beam passed, and the anode as a whole, the current in 
the beam must have been about 1 milliampere. 


Experimental Results 


The sharp delineation of the path of the primary 
electrons was one of the striking features of the experi- 
ment. The beam remained coherent to the end of its 
range, broadening slightly because of the curvature of 
the cathode surface from which the electrons were 
emitted, and because of the mutual repulsions of the 
electrons. 

The glow was distributed with cylindrical symmetry 
about the beam in tubes which contained no auxiliary 
electrodes. Introduction of electrodes into the view 
space caused a diminution of the glow in the vicinity 
of the electrodes from that which was present without 
them. Figures 6 and 7 illustrate this, presenting the dis- 
charge under similar conditions in tubes without and 
with electrodes. 

Spectra were made of the glow by imaging the 
primary beam upon the slit of the spectrograph, the 


8L. R. Maxwell, J. Franklin Inst. 214, 533 (1932); see also 
reference 2. 


beam crossing the middle of the slit at right angles. 
Such a spectrogram is given in Fig. 8. It will be seen 
that the composition of the radiation from the glow 
differs little with that from the central beam. 

No measurements were actually made of the propor- 
tion of radiation between beam and glow, desirable as 
these would be. Estimates of the proportion visually, 
and from the spectrogram of Fig. 8, indicate at least 
equivalence. Estimates from such a photograph as 
Fig. 7 would be less, but will be misleading because of 
the unknown contrasts of the film and prints. Future 
measurements of this quantity are contemplated. 

Application of cross-fields to the glow show that it is 
affected markedly. Figures 9 and 10 show contrasting 
photographs. of the glow with and without fields. The 
region surrounding the negative electrode is cleared 
completely of radiating systems, if the potentials applied 
are not excessive. There is a slight increase in radiation 
from the anode side of the beam. At high potentials 
(greater than 150 volts in the present case) the situation 
was complicated by the appearance of the negative 
glow discharge around the field cathode. As noted in a 
paper by Gurney and Morse® potentials applied to a 
region in which a plasma is being maintained do not 
produce the fields which would be expected in vacuum. 
The field is largely concentrated in sheaths around the 
electrodes, leaving the plasma almost field free. Es- 
timates of the field in the plasma made from the 
deflection of the electron beam indicate that the beam 
moved in a cross-field of not more than 1.5 volt per cm, 
even though the potential difference between the 
electrodes was 300 volts at a separation of only 4 cm. 

The effects described were present without alteration 
of any feature except the extension of the glow, for 
values of density from 5X10" atoms per cc to 5X10"* 
atoms per cc, at which latter point the range of the 





Fic. 10. Same condition as Fig. 9, except for 300 volts potential 
applied between deflector plates. Notice assymmetry of beam. 


*R. W. Gurney and P. M. Morse, Phys. Rev. 33, 789 (1929). 
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electrons in the beam had become so short that the 
entire beam remained inside the anode cylinder. 


Interpretation 


A number of processes could account for the effused 
glow independently of the decay of intensity with in- 
creasing density. The process which has been advocated 
by those previously describing the effect® is diffusion of 
radiation from the central beam, with absorption and 
reradiation by the neutral or metastable atoms. Such 
a process could not show the sensitiveness to electric 
fields noted in the present experiments. 

The sharp delineation of the central beam indicates 
the existence of two distinct processes. It is probable 
that the beam itself is outlined in radiation arising 
from direct excitation, since the lifetime of the excited 
systems would not permit them to move more than 
0.01 mm before radiating. If the effusion of the glow 
involved a reprocessing of the radiation emitted by 
excited atoms in the beam, the beam would not be 
sharply defined. Another possibility, namely, exciting 
collisions by electrons scattered elastically at wide 
angles, should produce an increasing disintegration of 
the beam with range which was not observed. 

No measurements have yet been made specifically on 
the intensity of the glow as a function of tube current, 
but assuming that the glow process must have been 
present in the intensity measurements of Part I in 
about the same proportion as here, it very likely 
depends linearly upon tube current. The indications 
being that the glow originates in a first order process, in 
which the radiating systems are created directly by the 
primary electrons or by action of a single intermediary, 
second order processes (involving two intermediaries) 
seem rather doubtful explanations. This includes such 
processes as excitation of metastable atoms by slow 
plasma electrons or collisions of the second kind with 
other metastable atoms. 

Of the two processes which could have explained the 
decay of the density—intensity curves, only the dif- 
fusion process is certainly adequate. The impacts of 
primary electrons on ultimate electrons might produce 
enough fast ultimate electrons to cause the observed 
diffuse excitation, but since the concentration of ulti- 
mate electrons will be proportional to the primary 
current, and the number of these which experience 
accelerating collisions will again be proportional to the 
primary current, a quadratic dependence is suggested. 
Since the argument again hinges on the current de- 
pendence of the glow intensity, a more direct inves- 
tigation of this point is needed. 

The extension of the diffuse glow is of the order of 
magnitude of 2-5 cm. The velocity of neutral helium 
atoms under the experimental conditions was about 10° 
cm/sec. Assuming an increase of a factor of 10 in this 
velocity because of the ambipolar nature of the dif- 
fusion, the mean lifetime of the supposed systems which 


diffuse would be of the order of 2X10 sec. This is of 
the same order of magnitude as the previous estimate 
from fitting of data to the density-intensity curves. 
The field sensitivity of the glow and the apparent 
boundary effects are being investigated further by other 
workers and a report is expected soon on their results. 


PART III 
Time Lag in Emission of Radiation 


It is possible to measure the lifetime of an excited 
system of modulating the discharge at variable fre- 
quency. Frey® has impressed oscillatory potentials up 
to 10’ cycles per second on glow discharge tubes. 
Measurement may be made either of the phase lag 
between current and intensity or the frequency at 
which the modulation ripple is no longer reproduced in 
the radiation from the tube. 

A tube of the general construction described in Part I 
was operated as the plate load of a type 6L6 vacuum 
tube driven by an external oscillator. Radiation from 
the tube was imaged on a type 929 near-ultraviolet 
sensitive vacuum photo-tube. The output of the photo- 
tube, suitably amplified, was applied to an oscilloscope. 
No change in the ratio between the amplitudes of the 
potential difference applied to the tube and the output 
of the photo-cell was detected up to 10‘ cycles per sec. 
Beyond this a decrease could be observed, but a simul- 
taneous decrease occurred in the amplifier gain, which 
made the results of no value beyond this point. 


Interpretation 


Before the modulation experiments were performed, 
any process, which had a sufficiently long lifetime for 
diffusion to act before radiation, was viewed as a pos- 
sible explanation of these effects. Establishing the fact 
that the mean lifetime of the supposed diffusable 
systems is less than 10~ sec. disposed of processes of 
random recombination between electrons and _ ions, 
which Mohler” and Kenty" have shown to last for- 
about 10- sec. 

On the other hand Frey has shown that in the glow 
discharge tube in air, operated at high frequencies, the. 
radiation did not persist for times of much more than 
10~7 sec. The experiments would conclusively invalidate 
any proposal for the existence of a longer lifetime 
process, were it not for the extremely small diameter of 
the discharge tube used (1 mm) and the low pressure of 
the discharge. Under these circumstances, transitions 
from a process of 100 times the duration of excitation 
might contribute as little as 1 percent to the total tube 
radiation, systems being lost principally by diffusion. 

Recently Rayleigh” has called attention to the long 
duration of the emission of radiation from a beam of 


9A. R. Frey, Phys. Rev. 49, 305 (1936). 

10 F, W. Mohler, Bur. Stand. J. Research 19, 447 (1937). 
1 C, Kenty, Phys. Rev. 32, 624 (1928). 

2 R. J. Strutt (Rayleigh), Proc. Roy. Soc. 183, 20 (1944). 
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excited hydrogen gas driven out of an electrodeless 
discharge into a side tube by the sudden pressures 
generated during the discharge. He found a lifetime for 
this radiation of the order of 10-* sec. Zanstra!* has 
offered electronic recombination as the explanation of 
these phenomena. It may be therefore that in these 
experiments Rayleigh has observed a process similar to 
the one proposed by the authors. There are, however, 
certain difficulties with this view, notably that the 
intensity of the exploded beam is continuously variable 
from the original intensity of the discharge tube at one 
end to extinction at the other. Direct excitation should 
be visible in the form of a discontinuity in intensity at 
the mouth of the side tube. Further investigation of 
Rayleigh’s phenomenon is currently in progress. 


CONCLUSION 


The simplest explanation which can be given of the 
foregoing set of experiments is that a process exists for 
the production of radiation which is slow enough to 
permit diffusion during the lifetime of the systems from 
which the radiation originates. Estimates of the order of 
magnitude of the lifetime are of the order of 10-° to 


18H. Zanstra, Proc. Roy. Soc. 186, 237 (1946). 


10-* sec. This hypothesis is not in discord with any 
known experimental facts, and may account for some 
theoretical difficulties such as the discrepancy between 
experimental and theoretical cross sections for excita- 
tion of the triplet states in helium, which are in disagree- 
ment by a factor of about 10°. 

The indications are that the process is one in which 
the active systems are charged electrically, suggesting 
that they are ions. Conventional recombination of ions 
moving at random cannot be accorded with the facts, 
and a new type of recombination is proposed as a con- 
comittant of the orderly processes now known as ambi- 
polar diffusion. It is suggested that it is impossible to 
neglect the perturbing fields of the entire ion cloud in 
the theory of the recombination process, and perhaps 
even in the production of ionization. 
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Electromagnetic radiation is expected to accompany the creation of charged mesons in nucleon-nucleon 
collisions. The amount and character of this radiation is calculated for mesons of spin 0, $4, and A, in each 
case with normal magnetic moment. The ratio of radiated energy to initial meson energy increases loga- 
rithmically for high meson energy in the first two cases, and is of the order of 1 percent for the highest 
energies of interest in cosmic radiation. For vector (spin #) mesons, this ratio is (1la/4860r)(E/mc*)‘ in the 
relativistic region, where @ is the fine-structure constant, and m and E are the rest mass and the initial 
energy of the meson in the coordinate system in which the center of mass of the colliding nucleons is at rest. 
This is so large at high energies that the assumption that x-mesons have spin h would, with a plausible theory 
of the multiplicity of meson production, account for the observation of soft radiation in conjunction with 


energetic nuclear events. 


I. INTRODUCTION 


HERE appears to be good evidence that a sub- 
stantial part of the soft component of cosmic 
radiation originates in events that are identical with or 
closely related to those collisions of primary cosmic 
rays with air nuclei that give rise to the hard com- 
ponent.! A possible mechanism for the production of 
both components in nuclear collisions assumes that 
charged and neutral mesons are strongly coupled to 
nucleons, and that the neutral mesons decay quickly 
into electron-positron pairs or gamma-rays.’ At the 
1B. Rossi, Rev. Mod. Phys. 20, 537 (1948), interprets the data 
and gives a bibliography of experimental results; see especially 


Sections 15 and 18. 
2 Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 


(1948). 


present stage of nuclear force theory, however, there is 
little reason to assume the existence of such neutral 
mesons, and the decay process is based on the further 
assumption that negative protons exist at least in 
intermediate states.*4 It seems of interest, therefore, 
to consider in some detail the electromagnetic radiation 
that, according to currently accepted theory, is a 
necessary by-product of the creation of any charged 
particle.** 

3R. J. Finkelstein, Phys. Rev. 72, 415 (1947). 

4 High energy gamma-rays recently observed by Moyer, York, 
and Bjorklund [Phys. Rev. 75, 1470 (1949) '] cannot be accounted 
for by the results of the present paper. If not explained in some 
other way (bremsstrahlung), they may eventually provide evi- 
dence for the existence of unstable neutral mesons. 


4¢ S. Hayakawa and S. Tomonaga, Prog. Theor. Phys. 2, 161 
(1947), have considered the radiation produced by the decelera- 
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It might at first be thought that the general charac- 
teristics of this’ radiation could be inferred from a 
classical consideration of a point charge, initially at 
rest, that is instantaneously set in motion with constant 
velocity. The coordinate system is that in which the 
center of mass of the colliding nucleons is at rest. When 
the classically computed spectrum is cut off for angular 
frequencies greater than E/h, the fraction of energy 
radiated is of order aln(E/mc*) for E>>mc*, where 
a=e?/hc, and m, e, and E are the rest mass, charge, and 
total energy of the particle. This result is in qualitative 
agreement with those obtained from quantum electro- 
dynamics for a scalar particle of spin 0, and for a Dirac 
particle of spin $4 and normal magnetic moment. For a 
vector particle of spin #, however, it is known that the 
interaction with the electromagnetic field has much 
stronger high frequency components, which manifest 
themselves in much larger cross sections for brems- 
strahlung and pair production at high energies.’ This 
more singular interaction, which is associated with a 
change in direction of the spin magnetic moment, is 
shown below to give a fraction of energy radiated pro- 
portional to a(E/mc*)*. Thus, for high energies of meson 
creation, such radiation will be of significance in con- 
nection with cosmic rays if the mesons produced have 
spin h. 

The present calculation is analagous to those per- 
formed several years ago by Bloch* and by Knipp and 
Uhlenbeck’ in connection with the continuous gamma- 
radiation that accompanies radioactive beta-decay of 
nuclei. The method used by Bloch, which is the same 
as the second method used by Knipp and Uhlenbeck, 
consists in treating radiative beta-decay as a second- 
order process in which both electromagnetic and beta- 
couplings appear. The first method of Knipp and 
Uhlenbeck, on the other hand, assumes that the dis- 
tribution of emitted electrons with regard to energy 
and angular momentum is given in advance, either by 
experiment or beta-decay theory. Then the initial 
electron state is taken to be an outgoing spherical wave, 
and the probability for a first-order radiative transition 
to a plane-wave final state is computed. 

At the present time, not enough is known about the 
details of meson production in nuclear collisions to carry 
through the analog of the second-order calculation 
mentioned above. It is, however, perfectly feasible to 
perform the first-order calculation. This has in effect 
been done by Knipp and Uhlenbeck’ for mesons of spin 
3h and normal magnetic moment, and the results are 
quoted below. The corresponding calculation for mesons 
of spin / is most readily accomplished with the help of a 


tion of the primary proton, and obtained a logarithmic depend- 
ence on energy similar to our Eqs. (22) and (23). For high energies 
-the center of mass coordinate system must be ised, and this radia- 
tion is relatively unimportant. 

5 Oppenheimer, Snyder, and Serber, Phys. Rev. 57, 75 (1940); 
R. F. Christy and S. Kusaka, Phys. Rev. 59, 405 (1941). 

* F. Bloch, Phys. Rev. 50, 272 (1936). 

7 J. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936), 
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formulation of vector meson theory recently developed 
by Gunn* on the basis of earlier work by others.® Gunn’s 
formulation is also applicable to spin 0 mesons; alter- 
natively, the scalar relativistic wave equation can be 
used in this case. There seems to be little doubt that this 
type of calculation will give at least a good estimate of 
the radiation probability, even though it does not always 
agree precisely with the more exact second-order calcu- 
lation in the case of radiative beta-decay.!° 

A separate and more serious question concerns the 
size to be assumed for the source of the outgoing 
spherical initial wave. While the low energy results for 
all three mesons, and the high energy results for mesons 
of spin 0 and 3% do not depend significantly on the 
radius of the source, this is not the case for the high 
energy vector meson. Introduction of a cut-off at the 
Compton wave-length of the meson makes the fraction 
of energy radiated of order a(E/mc*)?. However, the 
estimated multiplicity of meson production probably 
is also reduced by such a cut off,’ so that the average 
energy per meson is increased. This would tend to 
counteract the reduction in the power of the energy that 
appears in the expression for the radiation probability. 
Thus, while it is not now clear whether or not such a 
cut-off should be introduced, a substantial amount of 
electromagnetic radiation is expected to accompany the 
creation of high energy vector mesons in either case. 


II. CALCULATION FOR MESONS OF SPIN i 
In Gunn’s notation® the wave equation for a free- 
vector meson is 
th(dp/dt) = Hy, (1) 
H=mce°8+[B(1+7)/2m ]p’—(Bn/m)(o-p)?. (2) 
The wave function y has six components, the other four 
redundant components of the original theory having 
been eliminated. The representation is fixed by the 
choices 


00 1 0 0 -4 
1 1 
o:=—|0 0 1), o,=—|0 O 7], 
v2 
; 8 @ 4-4 0 
(3) 
fe 0 O 
o:=|0 —1 0}, 
(0 O O 





for the spin matrices, and the choices 


(er 


for the charge matrices. 


8 J. C. Gunn, Proc. Roy. Soc. A193, 559 (1948). 

* W. Heitler, Proc. Roy. Irish Acad. A49, 1 (1943). References 
to earlier work are given here and in Gunn’s paper. 

10 P. Morrison and L. I. Schiff, Phys. Rev. 58, 24 (1940). D. L. 
Falkoff and C. S. Chang [private communication and Phys. Rev. 
73, 1220 (1948) '] have shown that the difference between the two 
theories is not very great for forbidden beta-decay. 
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The first-order wave Eq. (1) is achieved at the expense 
of making the Hamiltonian H non-Hermitian. An 
operator & represents an observable quantity if BQ is 
Hermitian, and it is easily verified that (2) has this 
property. The charge density is y*6y, where y* is the 
Hermitian adjoint of y, and the expectation value of the 
energy is J'y*8Hydr. Stationary solutions of (1) satisfy 
the equation Hy= Ey. It turns out that both the charge 
density and the frequency E/h can have positive and 
negative values, while the energy is always positive. 

The inclusion of a radiation field represented by a 
divergenceless vector potential A is effected by replacing 
p by p—(e/c)A in (2), and adding the term" 


— (eh/2mc)B(1+n)(o- curl A) (5) 


to H. The result is to replace H given in (2) by H+-H’, 
where 


H' = —(e/mc)B(1+n)(A-p) 
+ (e/mc)BnL(o-A)(o-p)+(o-p)(@-A) ] 
— (eh/2mc)B(1+-n)(o-curl A). (6) 


The time-dependent perturbation theory will be used 
in the following to calculate the rate of transition from 
an outgoing spherical wave to a plane wave with emis- 
sion of a quantum of radiation. This theory assumes 
that the various eigenfunctions of the unperturbed 
Hamiltonian are orthogonal; if they are not, a suitable 
weighting factor must be used. Since H is not Hermitian, 
the eigenfunctions are actually not orthogonal, and 6 
must be used as a weighting factor. Thus, all transition 
matrix elements are for the operator BH’, not for H’ 
itself. 
The initial state wave function has the form 


yy 
you") (7) 


where ¥; and y2“ are each three-component func- 
tions. The spin matrices (3) operate on these com- 
ponents, while the charge matrices (4) operate in the 
V1, ¥2 space. Since y™ is to represent an outgoing wave 
in the coordinate system in which the center of mass of 
the colliding nucleons is at rest, it has the form 


Yi = ayhy_y™ (xr) uj—1, 5, mt Gals. (kr) 541, 5,m 


ash; (xr) U5, j, ms 


yp = by (xr) uj—1, 3, mt bolting (Kr) u41, jm 
+b sh; (Kr) U3, j,m- 


Here E= + (h'c?x?+-m’c*)! is assumed to be positive for 
a positively charged meson, j is its total angular 
momentum quantum number, h;")(z)= (4/2z)!Hi44™ (z) 
is the spherical Hankel function of the first kind, and 
the u’s are the normalized three-component angular 
eigenfunctions given in Gunn’s Eqs. (8). Three of the 
six constant coefficients in (8) are arbitrary, except for 
normalization. If, for example, ai, a2, @3 are specified, 


11 The sign of (5) is given incorrectly in Gunn’s paper, 


then the b’s are given by the relations 
E— mec? a:—2[j(j+1) }tae 








b= 
E+me? 2j+1 
E-—me* 2[7(j+1) }tait+-a2 E-—me? 
bo= : ea" a. 
E+ me? 2j+1 E+me? 
The total outward current associated with (7) is 
v 4Eme . : ‘ 
2 Gena lt + |a2|?+|as|?), (9) 


expressed in mesons per unit time, where 2 is the speed. 
The final state wave function also has the form (7), 
where now 
A 1 B, 


WiO=| delet, Y=! Belem, (10) 
As B; 


and E,\=+(h'c?x,?+m’c*)! is the total energy of the 
meson after it has radiated. As with (8), three of the 
coefficients are arbitrary; if the A’s'are specified, the B’s 
are given by 

E,\—m¢? 
By= (A 1 cos?6;+ A> sin?0,e~2*¢1 

E;+ mec? 





+v2A3 cos@; sin6,e—**1), 


E\- mc? , 
B.= (A 1 sin?6,e?*41-+- 4 2 Cos?6; 
E,+ mc? 





—V2A; cos@; sin@,e**"), 
E\-— mc? ; 
B;= [V2A cos@; sin6,e** 
E,+ mc? 
—v2 A>» cos6; sind,e—**!— A 3(cos?6,—sin?6;) |, 


where 6;, $1 are the polar angles of the propagation 
vector «i, referred to the axis of quantization of the 
initial state as polar axis. The charge density associated 
with (10) is 

[4B me?/(E,+-me*)*](|A1|?+|A2|?+| As”), (11) 


expressed in mesons per unit volume. 

The transition probability is proportional to the 
square of a matrix element that is of the form 
SV*BH'yOdr. The term in the vector potential A 
that corresponds to the emission of a quantum of 
propagation vector k and (unit) polarization vector e is 
e(2rhc/kL*)te—**-t, where it is convenient to quantize 
all fields in a large cubical box of edge length L. Now 
for an initial situation that is specified by some choice 
of the a’s and of the total angular momentum quantum 
number j, there are 2j7-+1 states of different m values, 
and the transition probabilities computed for all of 
these must be averaged. Since the result is independent 
of the choice of the axis of quantization of the initial 
states, there is no loss of generality in choosing k along 











92 a 2 


the z axis and e along the x axis. Thus in Eq. (6), A can 
be replaced by 
A,=(2mhc/kL*)'e-**,  Ay=A,=0. (12) 
The space integrals that appear in the calculation of 
the matrix elements can easily be reduced to the radial 
integral of a product of spherical Bessel and Hankel 
functions. If the initial wave source is assumed to be a 
point, the integral extends over r from 0 to ©,” 


J ju(grhi™ (xr)r°dr = (q/x)'Lt/«(x°—g?)], (13) 


where g is the magnitude of the vector sum of k and xi. 
For a finite source, the integral must be cut off in some 
way at small values of r, and its value will then depend 
on the details of the cut-off. 

In order to get a definite result, it is necessary to fix 
on a particular initial 7 value and coefficients a}, a2, a3. 
These are chosen so that the initial states represent, 
in the non-relativistic limit, a positive meson of zero 
orbital angular momentum: j=1, a2=a3=0. The re- 
maining constant a is chosen so that the outgoing flux 
(9) is equal to unity. The final states are chosen suc- 
cessively to have only Ai, Ao, or A; different from zero 
and of magnitude such that (11) yields one meson in 
the box of volume L*. It is necessary, therefore, to 
compute transition probabilities between each of three 
initial states (m=1, 0, —1) and three final states; the 
probabilities are then summed over the final states and 
averaged over the initial states. In practice, only six of 
the nine possible matrix elements need be computed, 
since the results for m= —1 are the same as those for 
m=-+1, 

The differential transition probability per unit time 
is given by the usual expression 


[i PO*BH YOdr 


9 


? 


dw= (2x/h)p(f) 








where the energy density of final states in the volume 
L? is 

p(f) = (L/2m)*(Exxik’dkdQ.dQ,/h'c). 
The solid angle element dQ; for the emitted quantum 
can be replaced by 47, since the choice of the z axis 
(direction of emission) is arbitrary. Also, 


dQ,=sin6,d6:d¢u, and E=E,-+hek. 


Since the initial state is so normalized that one meson 
is given off by the source per unit time, dw is the dif- 
ferential probability of finding a quantum and a meson 
in one of a group of neighboring final states when one 
meson has emerged from the source. It is therefore a 
dimensionless quantity. 

The details of the calculation are quite lengthy, and 
are not reproduced here. The results are complicated 

2G. N. Watson, Theory of Bessel Functions (The Macmillan 
eat ba New York, 1945), second edition, p. 401. The equiva- 


lent (44) of reference 7 agrees with Eq. (13) for /=0 and 1, 
but is incorrect for =2. 
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in the general case, but become reasonably simple for 
initial meson energies close to mc? (non-relativistic case) 
and large compared to mc? (relativistic case). In the 
non-relativistic limit, for both directions of polarization 


of the quantum, 
a v3 dk 
dw=— — — sin*6,d6, 
2x vc? k 


where 2 is the speed of the meson after radiation, and 
6, is the angle between quantum and meson. This gives 
a logarithmically divergent total radiation probability 
(infra-red catastrophe), so that it is natural to compute 
the fraction of the initial meson kinetic energy that 
appears in the form of electromagnetic radiation: 
2hck 4a v? 8a E-—me 
dy=— —=— ; 
mv 159 cc? 159 
In the relativistic limit, the result that corresponds 
to (14) is 
dw= (a/54x)(h/mc)*(x:3k dk/x*)[2k?(2+-3 cos?61) 
+ 10k; cos0;(1-++-cos?61) 
+5x,?(1-+cos?6;) ] sin@:d6;. (16) 
The fraction of energy radiated is, in analogy with (15), 


hck lla , E \4 
(—) ‘ (17) 
E 48602 \ mc? 


(14) 





(15) 





W= 
mc 





=~ pear 


In this case, the expression (16) for dw, which is the 
leading term for high energies, does not exhibit an 
infra-red catastrophe, although some of the neglected 
terms do. Thus, it is possible to compute the total 
transition probability, and hence, the average energy of 
an emitted quantum, 

(ick w= BW / f dw=(77/254)E. (18) 
These results refer to the coordinate system in which 
the center of mass of the colliding nucleons is at rest. 

Since the quantity W given by (17) increases rapidly 
with increasing initial meson energy, it is natural to 
inquire as to the limit of validity of the perturbation 
theory treatment of the coupling between meson and 
electromagnetic field. In the present case, where the 
computed transition probability provides a measure of 
the distortion of the unperturbed initial state by 
admixed final states, it seems reasonable to require that 
the total transition probability {dw be small in com- 
parison with unity. If then m is the mass of a z- or 
heavy-meson, the theory is limited to initial meson 
energies of the order of 10° ev or less in the center of 
mass coordinate system. 

The existence of strong high frequency components 
for the interaction between a vector meson and the 
electromagnetic field suggests that the high energy 
expression for W would be somewhat smaller than (17) 
if the initial state source were taken to have a finite 
size. This is, in fact, the case. Introduction of a cut-off 
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in the radial integral (13) at the nucleon “radius,” or 
roughly at h/mc, shows that (15) is unchanged, but 
that the order of magnitude of W at high energies is 


W~al(E/me’)?. (19) 


The numerical coefficient is very difficult to compute 
and depends on the detailed way in which the integral 
is cut off. 
III. CALCULATIONS FOR MESONS OF SPINS 
0 AND 3h 

The formalism utilized above is applicable to mesons 
of spin 0 if the spin matrices are properly chosen. Equa- 
tions (3) must be replaced by o=0, and the charge 
matrices (4) now operate on a two-component wave 
function. The calculation can of course also be carried 
through with the help of the scalar relativistic wave 
equation, which is of second order in the time derivative. 
The results are easily written in closed form for all 
energies. The differential transition probability for an 
initial state of zero orbital angular momentum is 

ac (hex) dk sin®6,d6, 
dw=— - as , 
2rv E k (E.— her, cos6;)? 

The corresponding result for mesons of spin 3/4 and 
all energies is given by Knipp and Uhlenbeck’ for an 
initial state that represents, in the non-relativistic limit, 
a meson of zero orbital angular momentum (7=}3), 


(20) 











P a c hex; dk FE?+2E\ymc?+ E;? 
w=—— — 
2rnv Ek \(E+mc?)(Ei—hcr; cos6:) 
m*c4 





vet Pn eae —1} sin@,d0;. (21) 


Since (20) and (21) both show an infra-red catas- 
trophe, only the fraction of energy radiated can be 
calculated. The results in the non-relativistic limit are 
identical with Eq. (15), as would be expected, since spin 
effects are of magnetic origin, and hence, of higher order 
in v/c than charge effects. In the relativistic limit, the 
expressions analogous to (17) are 


W = (a/m)[In(2E/mc?) —3/2], for spin 0, (22) 
W = (4a/3m)[In(2E/mc?)—19/12], for spin 34. (23) 


Equations (22) and (23) are unaffected by the assump- 
tion of a cut-off at the radius h/mce. 

It is interesting to note that at high energies, Eqs. 
(20) and (21) indicate a close angular correlation 
between quantum and meson in the center of mass 
coordinate system for spins 0 and 3h, the main con- 
tribution coming from angles 6, mc?/E,. For spin h, 
on the other hand, Eq. (16) shows no such marked 
correlation. 


IV. DISCUSSION OF RESULTS 


The foregoing results can be used to estimate the 
amount of electromagnetic radiation produced in col- 
lisions of primary cosmic rays with nucleons. As a 


numerical example, a primary nucleon energy of 10! ev 
will be assumed (Auger shower). From the calculation 
of Lewis, Oppenheimer, and Wouthuysen,? an average 
multiplicity of 280 mesons is estimated for such an 
encounter. While this is based on a pseudoscalar meson 
field, the high multiplicity is due to the strong singu- 
larity in the meson-nucleon interaction; since this also 
occurs for a vector meson field, it is reasonable to use 
the same result for mesons of spin /. If now it is assumed 
that half of the primary energy (in the center of mass 
system) goes into meson production, the average initial 
meson energy in the center of mass coordinate system 
is about 2.5 10° ev, and Eq. (17) shows that W=0.55. 
This is about the limit of applicability of the perturba- 
tion theory; in particular, such a strong electromagnetic 
coupling would be expected to have a direct influence 
on the meson production calculation. If the -mesons 
have spin 0, on the other hand, (22) shows that 
W=0.005. 

For vector mesons, the multiplicity is proportional to 
E,', so long as the primary energy Ep is large in com- 
parison with 10° ev; then W is proportional to Eo’. 
Thus, it would seem at first that W becomes quite 
small for nucleon collisions in the 10°—10" ev range. 
However, wide fluctuations in the energies of individual 
mesons are to be expected, especially at the lower multi- 
plicities; then, since the more energetic mesons radiate 
far more than the less energetic ones, the average W 
will be considerably greater than estimated from an 
equal division of energy among the mesons. 

The assumption of an extended source, which leads 
to (19), is equivalent to the removal of the strong 
singularity from the meson-nucleon interaction, and 
hence, greatly reduces the multiplicity. This tends to 
increase the average meson energy, and hence, com- 
pensate for the decreased power of E in the expression 
for W. Considerations based on a cut-off must, however, 
be regarded as speculative at the present time. 

The mesons discussed above are all assumed to have 
normal magnetic moments. In the case of spin 0 
(scalar or pseudoscalar), no magnetic moment is pos- 
sible, and the expression (22) for W is unique. For a 
meson of spin 3h, any additional magnetic moment 
would be expected to make the coupling with the radi- 
ation field more singular,’* and hence make W sub- 
stantially larger than that given by Eq. (23). There are 
good arguments from other directions, however, against 
m-mesons having spin 3/4. In the case of spin h, the 
assumption of an anomalous magnetic moment would 
also be likely to increase rather than decrease W, so that 
a substantial amount of electromagnetic radiation is 
expected to accompany the creation of energetic vector 
mesons in any case. These results favor the assignment 
of spin # rather than spin 0 to the heavy (x) mesons of 
the cosmic radiation. 


18 W. Pauli, Rev. Mod. Phys. 13, 203 (1941). 
4 R. E. Marshak, Phys. Rev. 75, 700 (1949). 
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The nuclear‘spectra of Sb”, Te!25*, Cr®!, and I! have been measured with a magnetic lens spectrometer. 
Sb”5 has a beta-ray end point at 0.621 Mev, a lower energy group at 0.288 Mev, and perhaps some groups 
of still lower energy. The gamma-rays of Sb”® are at.0.125 (I.C.), 0.174 (I.C.), 0.431 (I.C.), 0.466, 0.609 
(I.C.), and 0.646 Mev. Those marked with the notation (I.C.) are internally converted. The metastable 
state of Te!®, daughter of Sb", is characterized by the emission of an internally converted gamma-ray of 
energy 0.110 Mev. Cr® emits no positrons but decays by K-capture accompanied by two gamma-rays of 
energies 0.323 and 0.267 Mev, the latter being entirely internally converted. I" has a beta-ray end point of 
0.605 Mev with a lower energy group at 0.250 Mev. Gamma-rays at 0.080, 0.282, 0.363, and 0.637 Mev are 
observed. The disintegration schemes of Sb”5, Te!25*, and I'*! are discussed. 





INTRODUCTION 


S part of a program for the study of nuclear 
energy levels, the nuclear spectra of Sb'5 (2.7 
years) and its metastable daughter Te'** (58 days), 
together with those of Cr®! (26.5 days) and I'* (8.0 
days) have been investigated. The sources which were 
studied were all obtained from the Isotopes Division of 
the Oak Ridge National Laboratory. The apparatus 
used in these experiments was the magnetic lens pre- 
viously described by the authors.! 

During the early part of these experiments the lens 
was equipped with only one field-producing coil and was 
used as described in our earlier work. While these ex- 
periments were in progress, an additional coil, identical 
with the first, was added to the apparatus and used in 
a manner similar to that described by Quade and 
Halliday.? These authors have shown that if two coils 
are placed symmetrically on either side of the midpoint 
between source and counter, the field is thereby shaped 
in such a way that spherical aberration is considerably 
reduced. They describe a procedure for determining the 
position of minimum spherical aberration empirically. 
This consists of defining two rays by two annular slits, 
one near the maximum radius of the vacuum chamber 
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Fic. 1. Spectrum of the secondary electrons ejected by the 
gamma-rays of antimony 125. 


t AEC Fellow. 
1 Kern, Zaffarano, and Mitchell, Phys. Rev. 73, 1142 (1948). 
2 E. A. Quade and D. Halliday, Rev. Sci. Inst. 19, 234 (1948). 


and one nearer the axis. If now, the source consists of a 
group of electrons having a narrow spread in energy, 
such as an internal conversion line, two peaks will be 
focused, one corresponding to the outside ray and one 
to the inside ray. By moving the coils, these two peaks 
can be brought nearly into coincidence, showing that 
spherical aberration has been reduced. This procedure 
has been applied to the present lens with the result that 
the resolution has been improved and the intensity, at 
a given resolution, greatly enhanced. 

The counters used in these experiments were the usual 
end window type. For investigating the region above 
100 kev, an unsupported mica window having a surface 
density of 2 mg/cm? was used. When the low energy 
region was to be studied, however, a window of Zapon 
lacquer of surface density 0.1-0.3 mg/cm? was used. 
This window was supported on a brass grid. 


THE NUCLEAR SPECTRUM OF Sb'* AND Te™* 


Sb”> was made by bombarding tin with neutrons in 
the Oak Ridge Pile. It grows* from Sn5 (9 min.). Re- 
cently Friedlander, Goldhaber, and Scharff-Goldhaber* 
have shown that a metastable state of Te’, of about 
two months half-life, is produced by the disintegration 
of Sb”5, ; 

The Sb"> was separated from the tin by the following 
procedure: in order to separate small quantities of 
antimony from large quantities of tin, a piece of metallic 
iron was introduced into the solution of SnCh, in HCl 
solution, containing the parent Sn activity and the 
product Sb”®. Antimony was thereby deposited electro- 
chemically on the iron, leaving the tin in solution. The 
deposit, and some of the iron, was then dissolved in 
HNO; and the resulting solution converted to the 
chloride. A small amount of tellurium carrier was then 
added and the tellurium was separated as metal by 
passing SO» through the solution. After boiling out the 
SO:2, the antimony was separated from the iron by an 
H2S precipitation in acid solution. After drying, the 

3For earlier investigations on Sb’, see G. T. Seaborg and 
I. Perlman, Rev. Mod. Phys. 20, 585 (1948). 


‘Friedlander, Goldhaber, and Scharfi-Goldhaber, Phys. Rev. 
74, 981 (1948). 
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Sb2S3 was used as a source of photoelectrons to measure 
the gamma-rays. Both Sb2S; and evaporated sources of 
SbCls were used as beta-ray sources. The internal con- 
version electrons of Te!5* were studied, using either 
the Te metal or an evaporated solution of tellurium 
nitrate as source material. 

The gamma-rays of Sb” were studied by allowing 
them to eject photoelectrons from a Jead radiator. The 
source material was placed in a copper capsule with 
walls thick enough to stop all beta-rays. Photoelectrons 
were ejected from a lead radiator, having a surface 
density of 22 mg/cm?, placed upon the base of the 
cylinder. The diameter of the lead radiator (source 
diameter) was 1 cm and the counter aperture was also 
1 cm. A plot of the secondary electron distribution as a 
function of the magnetic rigidity (gauss-cm), taken in 
the lens, is shown in Fig. 1. The energy of the gamma- 
rays associated with the various K and L peaks of 
Fig. 1 is shown in Table I, together with the energies 
of gamma-rays obtained from internal conversion 
electrons. 

The beta-ray spectrum of the source was now meas- 
ured. In these measurements the counter window was 
of 1 mg/cm? surface density. The source was SbCl; of 
13 mg/cm? surface density mounted on paper of surface 
density 0.8 mg/cm*. The most striking thing about this 
spectrum, shown in Fig. 2, is the number of internal 
conversion lines occurring. It should be remarked that 
the source as measured had not had the tellurium sepa- 
rated out. It therefore contains lines from Sb"* and the 
metastable daughter Te!**. The lines occurring are 
labeled to correspond to Table I in which the energy of 
the gamma-rays responsible for the various internal 
conversion lines is given. 

It is difficult to make a Fermi plot analysis of a spec- 
trum containing as many internal conversion. lines as 
the one under consideration. Nevertheless, this has been 
attempted with the following results: The beta-ray end 
point of the spectrum comes at 0.621 Mev. A lower 
energy group having an end point at 0.288 Mev is also 
found. Below 0.200 Mev, the presence of internal con- 
version lines makes the analysis extremely unreliable. 
There is some evidence that groups of still lower energy 
exist. The ratio of the intensity of the group with end 
point at 0.288 Mev to that with end point at 0.621 
Mev is approximately 2. 

In order to investigate the radiations from the Te!>* 
daughter, the source was redissolved and the tellurium 
separated. The beta-ray spectrum of the metastable 
Te”5*, resulting from this separation, is shown in Fig. 3. 
This is seen to consist entirely of K and L internal con- 
version lines from a gamma-ray of energy 0.110 Mev. 
Using the data of Fig. 3, we have calculated that the 
ratio Nx/N,=1.2. This result is in agreement with 
the work of Hill, Scharff-Goldhaber, and Friedlander,® 
who made a similar measurement using, however, a 


5 Hill, Scharff-Goldhaber, and Friedlander, Phys. Rev. 75, 
324 (1949). 


TABLE I. Energies of the gamma-rays of Sb! and Te!25*. 











Element How detected E, (Mev) 
Te IC(K,L) 0.110+0.001 
Sb IC(K) 0.125+0.001 
Sb IC(K); Photo (K) 0.174+0.002 
Sb IC(K) ; Photo (K,L) 0.431+0.004 
Sb Photo (K) 0.466+0.007 
Sb IC(K); Photo (K,L) 0.609+-0.006 
Sb Photo (K) 0.646+0.009 








photographic plate as a detector. According to Drell® 
this low value Vx/N x indicates that the transition asso- 
ciated with the 0.110-Mev line is mostly magnetic 24 
pole radiation. 

In trying to make up an energy level diagram one is 
confronted with the fact that it has not been possible 
to make accurate measurements on the low energy 
beta-groups. One must rely, therefore, on energy match- 
ing among the many gamma-rays. The strongest 
gamma-rays are those at 0.431, 0.609, and 0.174 Mev. 
The lines at 0.646, 0.466, and 0.125 are considerably 
weaker. The ratio of the intensity of the line at 0.431 
to that at 0.609 is found to be 1.43, when due account 
is taken of the efficiency of production of photoelectrons 
and its change with energy. 

The most plausible scheme, and one in which the 
energies fit to within 2 percent, is shown in Fig. 4. The 
two low energy beta-ray transitions shown as dotted 
lines have not been measured, but are put in merely 
as a result of the gamma-ray analysis. Experimental 
evidence exists that there is a low energy group of elec- 
trons present but it has not been possible to determine 
the end point. The lowest energy group must be ex- 
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Fic. 2. Beta-ray spectrum of antimony 125. 
6S. D. Drell, Phys. Rev. 75, 132 (1949). 
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tremely weak since the line at 0.646 Mev is of low in- 
tensity. Mr. E. T. Jurney of this laboratory has made 
coincidence measurements’ on Sb5, He finds gamma- 
gamma-coincidences. There are no beta-gamma-coin- 
cidences for electron energies greater than about 0.230 
Mev, but there is a sharp rise in the beta-gamma-curve 
for energies less than this. This would indicate that 
none of the gamma-rays, except possibly the one at 
0.110 Mev due to the metastable level of Te'”®, follows 
the beta-ray of energy 0.621 Mev. 


THE NUCLEAR SPECTRUM OF CR® 


The production and investigation of Cr*! was first 
carried out by Walke, Thompson, and Holt.® They re- 
ported that Cr®! (26.5 days) decayed by K-capture 
accompanied by the emission of gamma-rays, whose 
energies, determined by absorption in lead, were stated 
to be 0.5 and 1.0 Mev. Miller and Curtiss® measured the 
gamma-rays from this substance, using a magnetic lens 
spectrometer, and found only one gamma-ray at 0.320 
Mev. Bradt, Gugelot, Huber, Medicus, Preiswerk, and 
Scherrer’ studied the radiations from Cr® with a 180° 
type spectrometer. A study of the photoelectrons 
ejected from a lead radiator showed only one gamma- 
ray, and that at an energy of 0.330+0.001 Mev. A 
study of the particles emitted from a thin source 
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Fic. 4. Tentative energy level diagram for the 
decay of antimony 125. . 


7 To be published shortly. 

8 Walke, Thompson, and Holt, Phys. Rev. 57, 177 (1940). 

*L. C. Miller and L. F. Curtiss, Phys. Rev. 70, 983 (1946). 

© Bradt, Gugelot, Huber, Medicus, Preiswerk, and Scherrer, 
Helv. Phys. Acta 18, 259 (1945). 
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showed two interna] conversion lines; the one, arising 
from the gamma-ray at 0.330 Mev, and the second 
arising from a gamma-ray of energy 0.237+0.001 Mev. 
The Swiss authors concluded that the second gamma- 
ray must be essentially 100 percent internally con- 
verted. Finally, Kurie and Ter-Pogossian" studied the 
photoelectrons ejected from a uranium radiator and the 
particles emitted from the source. They established that 
there was a gamma-ray at 0.320+0.005 Mev but could 
find no internal conversion electrons. 

During the past year, the present authors have made 
a study of the radiations from Cr®!, using a source ob- 
tained from Oak Ridge. The distribution of photoelec- 
trons from a lead radiator, shown in Fig. 5, shows K 
and L peaks for a gamma-ray of 0.3230.005 Mev. 
There is no evidence for a higher energy gamma-ray, 
as mentioned by Walke e/ al. The lower energy gamma- 
ray is not seen in the photoelectron spectrum. 

A “beta-ray” source was then investigated in the 
magnetic lens spectrometer, and two internal conver- 
sion lines were found. The energy of the gamma-ray 
corresponding to the higher energy line is 0.319’ Mev, 
in good agreement with the value of 0.323 Mev obtained 
from the photoelectron distribution. The energy of the 
second line corresponds to a gamma-ray of 0.267 Mev, 
which is somewhat higher than that reported by Bradt 
et al. Aside from this energy discrepancy, the scheme of 
Bradt et al. is confirmed. 


THE SPECTRUM OF [I 


The spectrum of I'*! (8.0 days) was originally in- 
vestigated by Downing, Deutsch, and Roberts!” who 
reported that the beta-ray spectrum is simple and that 
each beta-ray is followed by an 80-kev and a 367-kev 
gamma-ray in cascade. Recently Metzger and Deutsch,” 

4 F. N. D. Kurie and M. Ter-Pogossian, Phys. Rev. 74, 677 
(1948). 


2 Downing, Deutsch, and Roberts, Phys. Rev. 61, 686 (1942). 
3 F. Metzger and M. Deutsch, Phys. Rev. 74, 1640 (1948). 
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on the one hand, and Owen, Moe, and Cook" on the 
other, have reinvestigated the spectrum using sources 
of higher specific activity, now available from the Oak 
Ridge National Laboratory. From a measurement of 
the energy of photoelectrons as well as internal con- 
version electrons, Metzger and Deutsch find lines at 
80, 283, 363, and 638 kev, all lines being internally 
converted. Owen, Moe, and Cook have studied the 
beta-ray spectrum and internal conversion lines of this 


Fic. 6. Spectrum of the sec- 
ondary electrons ejected by the 
gamma-rays of iodine 131. 
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isotope. They find the lines at 832, 286-6, and 368+7 
kev. They did not look for the line at 0.638 Mev. They 
found, in addition, internal conversion electrons corre- 
sponding to a weak line at 163+:3 kev. Recently, they 
have also studied the distribution of photoelectrons'® 
from a uranium radiator and find lines at 364, 284, and 
638 kev and, in addition, a very weak line at 163 kev. 

The end point of the beta-ray spectrum is given by 
Metzger and Deutsch as 600+5 kev and by Owen, 
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4 Owen, Moe, and Cook, Phys. Rev. 74, 1879 (1948). 
‘5’ Moe, Owen, and Cook, Phys. Rev. 75, 1270 (1949), 
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TABLE II. Internal conversion in I!*!, 








Energy of Conversion 
gamma-ray Intensity quanta per coefficient 
kev 100 disintegrations Ne/N,y NK/NL 





80 17.9 0.17 8.4 
282 14.2 0.079 — 
363 82.5 0.018 4.0 








Moe, and Cook as 597++5 kev. Metzger and Deutsch 
made a Fermi analysis of their data and found a second 
group of electrons at 315+20 kev, while the other 
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authors made no attempt to determine the second 
group. 

In view of the importance of this element in medical 
research, the Oak Ridge National Laboratory has asked 
us to make an independent determination of the dis- 
integration scheme of this element. Accordingly, a 
strong “carrier free’ source of I'*! was furnished this 
laboratory. For the investigation of the photoelectrons 
the source was purified in the following way. Iodine 
carrier was added as KI and the iodide ion was oxidized 
to free iodine, which was separated out in carbon 


Fic. 7. Beta-ray spectrum 
of iodine 131. 
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tetrachloride. The carbon tetrachloride layer was 
washed several times, after which the iodine was re- 
duced to iodide and precipitated as AgI. The beta-ray 
source was the unpurified “carrier free” sample. 

The distribution of photoelectrons from lead, indium, 
and copper was studied in the magnetic lens spec- 
trometer. The curve, for which the lead radiator was 
used, is shown in Fig. 6. The various lines due to the 
gamma-rays at 637, 363, 282, and 80 kev are shown. 
On the original curves a very weak line, or bump, 
which could be attributed to a gamma-ray at 163 kev 
was also seen. It will be noted that, with the lead 
radiator, only the line caused by the ejection of photo- 
electrons from the L-shell of lead by the 80-kev line 
could be observed, and this was only slightly above 
the counter window cut-off. With the indium radiator, 
on the other hand, the line due to the ejection of a 
photoelectron from the K-shell of indium could be 
observed, as well as the other lines. The energies of 
the lines of I'*!, as determined from the photoelectrons 
from the various radiators as well as from the position 
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Fic. 8. Fermi plot of the beta-ray spectrum of iodine 131. 
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of the internal conversion lines, are 80+2, 282+1, 
36342, and 63742 kev. These values compare ex- 
tremely well with those given by Lind, Brown, Klein, 
Muller, and DuMond," using a curved crystal spec- 
trometer, who obtained 80.133+0.005, 284.13+0.1, 
364.18+0.1 kev. 

The beta-ray spectrum was then measured, using a 
source of evaporated “carrier free’ solution having a 
surface density of about 0.5 mg/cm? mounted on a 
Zapon lacquer film of 0.05 mg/cm? surface density. 

The results of the measurement are shown in Fig. 7, 
in which N/Hp is plotted against Hp. Internal conver- 
sion lines corresponding to gamma-rays at 80, 282, and 
363 kev are clearly seen. In addition, there is a line 
corresponding to a gamma-ray at 163 kev. No internal 
conversion electrons were found for the line at 637 kev. 

The decay of this source has been followed for about 
two months (approximately seven half-lives for the 
8.0-day iodine). During this time, the K internal con- 
version peak for the 363-kev line has decreased by a 
factor of approximately 1/128 of its original value, while 
that due to the 163-kev line has decreased by a sig- 
nificantly smaller amount (see note added in proof). 

A Fermi plot has been made of the beta-ray spectrum, 
using an approximation for the Coulomb correction 
factor, F(Z,e), given by Bethe and Bacher,” for an 
element with this atomic number. The results are shown 
in Fig. 8. The end point is at 605-5 kev with another 
lower energy group at 250+30 kev. The high energy 
group contains 86 percent of the electrons and the other 
14 percent. 


16 Lind, Brown, Klein, Muller, and DuMond, Phys. Rev. 75, 
1544 (1949). 

17H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 8, 194 (1936). 
See also C. Longmire and H. Brown, Phys. Rev. 75, 264 (1949). 
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Using the values of the energies of beta- and gamma- 
rays as determined in this paper, the energy level scheme 
shown in Fig. 9 has been constructed. Energy-wise, 
there is excellent agreement among all the components 
of the scheme. The level diagram offered here differs 
from that of Metzger and Deutsch® in putting the 
637-kev gamma-ray in cascade with the 80-kev line. 
Indeed this is required by the new determination of the 
energy of the low energy group. The branching ratio for 
the two beta-ray groups is the same as that of Metzger 
and Deutsch. The relative intensities of the lines were 
calculated with the help of the Gray curves and yield 
the following values: [¢37=14.2, I363=82.5, and I2ge 
=3.7 quanta per hundred disintegrations. The ratio 
I637/(Ises+J2s2) = 14.2/86.2 agrees very well with the 
ratio of the intensities of the two beta-ray groups. 
Making use of the proposed disintegration scheme, the 
relative intensity of the low energy line should be 
Is=I¢37+Jes2=17.9 quanta per hundred disintegra- 


tions. 


C. T. HIBDON AND C. O. MUEHLHAUSE 


The internal conversion coefficients of the lines at 
80, 282, and 363 kev have been calculated and are 
given in Table II together with the ratio Nx/N1z, in 
those cases in which this quantity could be determined. 
A search was made for internal conversion electrons 
connected with the line at 637 kev but none could be 


found. 

This research was assisted by the joint program of 
the ONR and the AEC. The authors wish to thank 
Professor L. L. Merritt, of the Department of Chemis- 
try, for valuable help with the chemical separations. 


Note added in proof.—Professor K. Siegbahn has informed us in 
a private communication that he has also investigated the spec- 
trum of Sb”. He has found all of the lines found by us except that 
at 0.125 Mev and in addition a line at 0.035 Mev. The energies of 
the lines determined by both investigations agree to better than 
5 percent. 

In regard to the 165 kev line observed in I'*!, Brosi, DeWitt, 
and Zeldes (Phys. Rev. 75, 1615 (1949)) have shown that a 
metastable Xe"*!, of about 12 day half-life, grows from I!*!. This 
substance emits an internally converted gamma-ray of energy 
165 kev. The exact position of this line in the level scheme must 
await further investigation. 
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Neutron Cross Sections at 115 ev and 300 ev—I 
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Total neutron cross sections for a number of elements were measured at 115 ev and 300 ev with an energy 
resolution of approximately 10 percent. The cross sections were separated into two parts: a resonance cross 
section and an asymptotic cross section. The first cross section represented the effect of a neutron resonance 
in the material studied overlapping the detector. The second cross section was identified either as the po- 
tential scattering cross section, or a minimum cross section in the neighborhood of a resonance. 


I, INTRODUCTION 


ANY neutron cross sections as a function of neu- 
tron energy have been made using instruments 
having low resolution above 100 ev. It is the purpose 
of this paper to describe a series of measurements of 
total neutron cross sections made at two specific ener- 
gies, but with the high resolution provided by the reso- 
nance scattering of Co' and Mn.” These materials 
resonantly scatter neutrons at 115 ev and 300 ev re- 
spectively, and have therefore been used to detect 
neutrons at these energies. 


II. APPARATUS AND FLUX CONDITIONS 


The equipment used was constructed in 1946-47 
under the direction of Alexander Langsdorf, Jr.* It 
consisted of an annular enriched BF;—4z proportional 
neutron counter through which a collimated beam of 


1S. Harris, A. Langsdorf, and F. Seidl, Phys. Rev. 72, 866 
(1947); Wu, Rainwater, and Havens, Phys. Rev. 71, 174 (1947). 

2M. Goldhaber and A. Yalow, Phys. Rev. 69, 47 (1946); N. 
Barbre and M. Goldhaber, Phys. Rev. 71, 141 (1947);-Seidl, 
Harris and Longsdorf, Phys. Rev. 72, 168 (1947); Rainwater, 
Havens, Wu, and Dunning, Phys. Rev. 71, 65 (1947). 

3 A. Langsdorf, Jr., to be published in Rev, Sci. Inst, 


cadmium filtered neutrons from the Argonne heavy 
water pile could pass. The neutrons were conducted 
through the center of the chamber in an evacuated 
tube (see Fig. 1) and gave an appreciable counting 
rate only when a scattering foil (termed the “detector’’) 
was placed in the center of the chamber transverse to 
the beam. Due to the presence of a paraffin reflector 
the counter sensitivity fell off logarithmically with 
neutron energy (from ~ 13.5 percent at thermal energies 
to ~1.7 percent at mean fission energies). 

The cadmium filtered neutron flux from the pile 
obeyed the usual d#/E distribution, but because of 
the particular way in which the chamber sensitivity 
varied with neutron energy, the flux was regarded as 
dE/E', That is, a flat detector (do,/dE~0) such as 
Be or C provided a counting rate vs. neutron energy 
which followed a dE/E!” distribution. A graphical 
analysis of the experimentally determined sensitivity 
function (a—d logE) showed that the effective number 
of natural logarithmic cycles in the neutron spectrum 
from a flat detector was 8.3. This was used to obtain 
the power function given above. 

Assuming a different sensitivity function of the form 
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Fic. 1. Schematic diagram of annular counter and shields. 
1/E"*! and equating: 
(0.8)" f dB/E*=8.3 


where the integral is taken from the Cd cut-off energy 
(0.5 ev) to the mean fission energy (1.5 10° ev) yields 
n=0.12. 

Pulses from the annular counter and a fission neutron 
monitor counter (see Fig. 1) were recorded simul- 
taneously. The counting rates were corrected for the 
chamber-circuit deadtime of 15yus. 


III. PREPARATION OF SAMPLES 


The samples used were of the greatest purity obtain- 
able, most being of “reagent grade.” All substances 
measured were spectroscopically analyzed for traces of 
impurities, with special emphasis on Co and Mn. 
Because of the high self-indication cross section of Co 
and Mn (~3000b) it was necessary to use materials 
having less than 0.03 percent of these contaminants. 

The elemental form of the material was chosen when- 
ever possible. Pure metals were either cast into cylin- 
drical shape, pressed into pellets or canned in metal 
containers having 4 mil thick aluminum ends. Iodine 
oxides and the fluorides were similarly canned; Hg and 
Br were measured in cylindrical soft glass containers 
having thin windows. Corrections of the order of 1 
percent were made for the absorption of the containers. 


IV. RESOLUTION OF THE DETECTORS 


The principal measurements were made by placing 
thin Co(24.8 mg/cm?) or thin Mn(19.5 mg/cm?) in the 
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Fic. 2. Self-detected transmission curve of cobalt. 


center of the annular scattering chamber and deter- 
mining the counting rate vs. thickness of absorbing 
material studied. Background counting rates (~10 
percent of the total rate) were also measured without 
the detector foil in place. Measurements were first 
made, however, using Co and Mn as absorbers. That is, 
the Co-detected Co transmission curve and the Mn- 
detected Mn transmission curves were first measured 
to determine the fractions of resonantly and poten- 
tially scattered neutrons. The observed intercept ratios 
of initial to asymptotic parts (Figs. 2 and 3) are 
approximately the resolving powers of the foils. They 
are for Co and Mn respectively: 5.2 and 10.6. The 
resolution of the foils were also determined by measur- 
ing their epi-cadmium scattering cross sections, depi_ca, 
(by comparison with carbon in the epi-cadmium beam), 
and comparing oepi-ca with the potential scattering 
cross section, op: 


Co: Sepi-ca= 35.46 o,p=7.2b 
Mn: Sepi-ca = 34.26 op=3.56 


Average values of 4.5 and 9.8 were used for Co and Mn 
respectively. 

Without the presence of potential scattering an 
infinitely thin foil would have an ideal resolving power, 
E,/T, or 30 and 20 for Co and Mn respectively. This 
resolution was approached by subtracting the properly- 
scaled flat-detected, i.e., C-detected, transmission curve 
from the Co- and Mn-detected transmission curves. 
Actually a somewhat simpler procedure than this was 
followed (see Section V) with a resulting energy de- 
tection band width < E,/10 for both foils. 


V. TRANSMISSION CURVES 


For many materials (weak absorbers) the semilog- 
arithmic plot of the transmission curve was a simple 
straight line (see Fig. 4) indicating a constant cross 
section. Except for large 1/v absorbers a cross section 
so obtained was taken to be a potential or off resonance 
scattering cross section of the material at the detector 
energy. 

Other materials (strong absorbers) (see Fig. 5) 
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Fic. 3. Self-detected transmission curve of manganese. 























102 C. T. HIBDON AND C. 0. MUEHLHAUSE 
TABLE I. Corrected values for op, a, or, 7, and Ap for the elements measured to date. 
Co (115 ev) Mn (300 ev) 
0 4 oot an <4 ye : 0 “x4 10 “x4 
on ei of ening ae pe pate op po cm? Comments 
4Be 6.07 100 6.04 100 
5B 12.1 ~100 ~A4.5 9.7 ~100 Large capture 
6C 4.89 100 4.60 4.72 100 
30 4.08 100 4.15 100 Measured Al.O3 
oF 3.57 100 3.67 100 Measured CF, 
2Mg 3.47 100 3.71 100 
13Al 1.45 100 1.47 100 
1sP 4.11 100 4.16 100 
169 1.13 100 1.14 100 
17Cl ~6.1 100 3.32 100 Large capture, measured CCl, 
o9Ca 4.56 100 4.37 100 Measured CaF, 
Ti 5.10 100 5.39 100 Beam attenuated only 35% 
oaCr 3.28 96 4.0 22 32 4.56 100 115 ev<Res<300 ev 
Measured Cr20O3 
o2Mn 6.78 100 3.47 3.98 8.7 ~3000 Detector 
97Co 9.30 16 ~3000 7.35 7.23 91 11 38 Detector 
osNi 16.6 100 15.6 100 
og9Cu 6.68 100 6.88 100 
30ZN 3.91 100 4.23 3.74 87 7.8 35 Res>300 ev 
33As 6.22 96 9.1 77 6.90 7.20 80 15 44 115 ev<Res<300 ev 
gage 8.11 100 8.60 11.3 100 
35Br 9.66 77 29 93 7.89 8.94 89 16 72 Res<115 ev 
avAg 6.21 88 22 135 8.98 6.43 92 10 57 Res: >115 ev 
Rese >300 ev 
agCd 5.67 95 8.8 69 6.10 547 93 | 92 
agin 5.84 95 9.6 81 6.85 6.06 95 10 89 
509Nn 5.07 96 6.7 48 5.02 4.87 96 6.5 45 Small resonances 
519b 6.37 88 15 79 5.35 5.46 95 7.2 40 Res<115 ev 
s2le §.17 100 5.48 5.05 95 9.2 87 Res>300 ev 
531 4,19 97 10 214 545 4.64 94 9.4 99 Resi>115 ev 
Res2>300 ev 
5gCe Sila 100 4.80 100 Measured CeO, 
la 11.3 90 32 217 10.7 9.60 83 28 118 Res; <115 ev 
Res2>300 ev 
74W 8.62 95 16 151 10.2 10.1 84 30 136 115 ev<Res<300 ev 
mRe 17.9 ~100 15.0 15.2 68 56 143 Res near 300 ev 
Corrected for 0.1% Co 
Mn impurity <0.02% 
7oAu 10.6 100 11.41 10.8 84 21 74 Res>300 ev 
soHg 13; 90 27 151 12.4 13.2 89 22 89 Res; <115 ev 
Res2<300 ev 
si 11 9.52 100 $4:7 83 18 46 Res near 300 ev 
Carbon correction small 
g2Pb 11.1 100 10.7 100 
s3Bi 9.28 100 10.6 100 
proved to have considerable initial variation, Ai, in the _ tential component / 
transmission curve, but a well defined asymptotic com- Ai=6r+ép, 


ponent, A. Except for.boron and chlorine, the slope of 
the asymptotic component was taken (when corrected 
by carbon, see below) to yield the potential (i.e., off 
resonance) cross section, or minimum cross section in 
the neighborhood of a resonance. 

For those materials in which Ai#0 it was important 
to determine what part of Ai was due to a variation in 
the cross section near the detector energy, and what 
part was due to a variation over the rest of the 1/E 
spectrum. That is, it was necessary to approximate the 
ideal resolving powers of the detectors in order to get 
their proper “local” indications. This was accomplished 
by measuring the transmission curve with a flat, i.e., 
carbon detector. 

Consider Az to be the sum of a resonance and a po- 


6p may be determined from Ac (Ai for a C-detected 
transmission curve) and the detector resolving power 


bp= pAc, 
where r/p=resolving power, and r+p=1. Then 
dr= Ai— pAc. 


The transmission curves were corrected in this way 
thereby obtaining corrected values for o;, the initial 
cross section, o,, the difference cross section, and Af, 
the percent asymptotic part of the transmission curve. 
These are related in a corrected transmission curve as 
follows: 

o:=6r-o,+Ap-o>p. 


The difference cross section was labeled “ce,” to indi- 
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Fic. 4. Neutron transmission by carbon. 
Typical case where Ai=0. 


cate it represented the effect of an overlapping reso- 
nance with the detector resonance. 

To illustrate, consider the case of gold in which 
Ac=35 percent: 


Co Mn 
Ai=6 percent Ai= 20 percent 
6p=0.18X 35-6 percent 6p=.09X 35-3 percent 
ér=6—6~0 6r= 20—3=17 percent. 


That is, for Au, there was no resonance overlapping 
with Co, but at the Mn resonance there was a reso- 
nance component of 17 percent in the transmission 
curve. 

For Ai+0, and for Se (large difference in o, between 
Co and Mn) the oc, values were also corrected by a 
simple procedure. The uncorrected o, was considered 
to be a composite cross section determined as follows: 


Op=poetro, r+p=1 
where a, is the asymptotic cross section of the C-de- 


tected transmission curve, and a,’ is the corrected value 
of oy. The actual relations are given by: 


Co: op =op+0.22(0,—<0-) 
Mn: op =¢p+0.10(¢,—¢-). 

Since o,~o, these corrections were always <5 per- 
cent, and when Ai=0 were not made (except for Se) 
since they were ~1 percent. Table I lists corrected 
values for oy, o;, or, o- and Ap for the elements meas- 
ured to date. 


VI. INTERPRETATION OF RESULTS 
1. Asymptotic Cross Sections 


The asymptotic cross sections were taken as proper 
off-resonance cross sections except in those cases in 
which non-resonance capture was present. In these 
cases (B and Cl) the asymptotic value for the Co de- 
tector was probably shifted to an energy higher than 
the Co resonance energy even though >90 percent of 
the neutrons scattered by Co (when corrected) lie 
within an energy band +10 ev of the Co resonance. 
The 1/» function is less steep at the Mn resonance, so 
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Fic. 5. Neutron transmission by tantalum. 
Typical case where Ai~0. 


one would expect less of a shift to higher energies in 
the measurement of o, with a Mn detector. 

It should be noted that in a number of cases of reso- 
nance overlapping o, via Co or Mn detection was con- 
siderably less than o,. This lowest value of the cross 
section in the neighborhood of a resonance was inter- 
preted as the cross section resulting from the inter- 
ference of the resonance and potential scattering com- 
ponents. It indicated, too, that the detector resonance 
was of lower energy than the overlapping resonance in 
the absorber. In these cases o, should be a more proper 
value of the off-resonance or potential scattering cross 
section. 


2. Initial Cross Sections 


The initial cross sections (after correction) were 
taken to be proper average total cross sections (reso- 
nance capture+resonance scattering+potential scat- 
tering) of the absorber over the width of the detector 
resonance. 6r¥0 (i.e., ¢;>o,) was taken as an indica- 
tion of resonance overlapping with the detector. 


3. Resonance Overlap Effect 
Certain features of Table I should be observed: 


(a) Resonance overlapping does not exist for the light elements. 
When it does set in overlapping occurs mainly for one detector 
(see As, Br). 

(b) The heavy elements <Re exhibit overlapping essentially 
for both detectors. 

(c) The heavy elements >Re exhibit less overiap effect. For 
example: Au overlaps only Mn, and Pb and Bi exhibit no over- 
lapping. In this region of the table there may be interference from 
several resonance levels, resulting in small oscillations of the cross 
section. 

(d) More data may make possible a statistical analysis of level 
density vs. Z and of a, vs. Z. The present data indicates that the 
ratio of the number of elements having the greatest overlap effect 
for Mn to those having the greatest overlap effect for Co is 2.5. 
This is approximately the ratio of detector energy widths. 

(e) It should be noted that no resonance overlapping with Mn 
was found for Al,‘ and not enough for Cr* to credit the peaks shown 
by Rainwater, ef al., as real. They were probably due to Mn 
impurities. 


4 Columbia data, Rev. Mod. Phys. 19, 271-274 (1947). 
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Angular Distribution of Protons in the N“(dp)N” Reaction* 
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The Yale cyclotron was used to investigate the angular distributions of protons emitted in the reaction 
N“(dp)N!5 employing bombarding energies between 1.5 Mev and 3.0 Mev. Both the ground state and first 
excited state protons were studied. Over the energy range used, the protons emitted in the formation of the 
ground state are found to have a slightly higher yield in the forward direction while those emitted in the 
formation of the first excited state are essentially spherically symmetric. Neither distribution shows marked 


variation with energy. 





INTRODUCTION 


ECENTLY increasing attention has been given to 
the angular distribution of particles emitted in 
nuclear disintegrations in order to gain additional in- 
formation on the nature of nuclear energy levels and 
the mechanisms governing nuclear disintegrations. It 
was felt that the comparison of the angular distribu- 
tions of particles emitted in the formation of two states 
of the same residual nucleus might furnish helpful in- 
formation regarding spin differences and selection rules. 
The high degree of excitation of the first excited state 
of N'5 (5.42 Mev) suggested that the reaction N'“(dp)N™® 
might be particularly interesting. The fact that the low 
yield ground state protons have a longer range than 
possible contaminants, and that the short range ex- 
cited state protons have a much higher yield, makes this 
reaction particularly suitable for such studies. Previous 
work on the angular distribution of two groups arising 
from one reaction has been done by Heydenburg. and 
Inglis! using the reaction O'*(dp)O'”. Guggenheimer, 
Heitler, and Powell? obtained some information on the 
angular distribution of the nitrogen proton groups in 
connection with their work on scattering of 6.5-Mev 
deuterons by nitrogen, but the distributions of the 
proton groups was not given. No attempt has been 
made to analyze the data for possible explanation for 
the differences in the distribution. 


EQUIPMENT 


In order to make the proton pulses from the propor- 
tional counter as large as possible with respect to the 
background they must be counted near the end of their 
range. Since this range is variable with angle, a selsyn 
foil changer operated from the cyclotron cédntrol panel 
is used to insert aluminum foils between the bombard- 
ment chamber and the detecting counter so that the 
residual range in the counter is the same at all angles. 


* This is part of a Dissertation presented to the faculty of the 
Graduate School of Yale University in candidacy for the Degree 
of Doctor of Philosophy. 

** Sterling Fellow in Physics. 

*** Assisted by the Joint Program of the ONR and AEC. 

1 N. P. Heydenburg and D. R. Inglis, Phys. Rev. 73, 230 (1948). 

* Guggenheimer, Heitler, and Powell, Proc. Roy. Soc. (London) 
190, 196 (1947). 


Equivalent air ranges up to 208 cm in 1-cm steps may 
be obtained with the one now in use. 

A diagram of the experimental equipment is shown in 
Fig. 1. The gas chamber is isolated from the cyclotron 
by an aluminum foil of known stopping power. In 
order to obtain lower energies, additional foils were in- 
inserted in the cyclotron beam. To permit alignment of 
the tube with the beam, a sylphon was used to connect 
the tube to the cyclotron mounting flange. Proper ad- 
justment of the sylphon was obtained by waxing a 
fluorescent plate on the end of the tube and adjusting 
the sylphon for proper alignment of the slits in the beam 
tube for a given current through the beam deflecting 
magnet. 

Two chambers were used, differing essentially only in 
the height of the proton port which extends from 0° to 
145°. The first chamber for the long range group had a 
3-in. slot over which it was found necessary to wax a 
foil of 45-cm air equivalent. The bowing of thinner 
foils when the cylindrical chamber was evacuated 
caused the formation of ridges in the foil. For use with 
the excited group, the foil thickness had to be reduced 
to 5-cm air equivalence; therefore, it was necessary to 
construct a new chamber having a }-in. slot. The proton 
slit system gives a maximum half-width of slightly less 
than 6°; however, 60 percent of the measured yield 
comes from a region of the target gas for which the 
counter opening subtends an angle of only 3.5°. 

The gas chamber is insulated from the beam tube, 
and the beam measured is that collected by the chamber. 
The presence of gas in the chamber and the fact that 
the isolating foil is at ground potential, prevents the 
use of the usual current integrator, therefore a monitor 
counter was used. It was found that with the excited 
grouy: chamber the beam which passed through the 
chamber and out into the air caused considerable 
ionization and erratic galvanometer readings; thus, the 
monitor counter was relied upon entirely for beam 
integration. 

A screw lock at the center of the spectrometer table 
engages a center pin on the bottom of the gas chamber. 
The proton slit system, foil changer, and counter are 
all mounted on the selsyn foil changer table. An arm 
under the center of the slit system and pivoted at the 
center of the table is used to set this equipment at the 
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desired angle by using the degree graduations on the 
spectrometer table. The over-all accuracy of placement 
is within one degree. 

The counters and preamplifiers were those described 
by Martin.’ The video circuits were reported by Benson.‘ 


PROCEDURE 


For work on the ground state protons, the bias on 
the counting circuits was kept as low as possible con- 
sistent with low background. Under such conditions it 
was found that the yield as a function of the absorption 
is essentially flat over a spread of 20 cm and thus, that 
the yield is practically independent of the absorption. 
For work on the first excited state it was necessary to 
discriminate against the long range ground state pro- 
tons and to be sure that no yield from possible con- 
taminants such as oxygen (commercial nitrogen was 
used) be detected. Thus, it was necessary to increase 
the bias level until no counts were recorded from the less 
ionizing long range protons and so that it was clearly 
evident at what absorption the shorter range contami- 
nant protons were detected. It was found that under 
such conditions the yield of the short range protons was 
constant over an absorption of at least 6 cm. The gas 
chamber was filled to a pressure of 10 cm of nitrogen. ° 

At any given bombardment energy, the particular 
group in question was first located with the movable 
counter (usually set at 90°), and the bias was adjusted 
to obtain the desired shape of the yield vs. range curve. 
Spot checks were then made at other angles to see that 
agreement existed between the observed range and the 
precalculated ranges using the average Q-values for 
N"(dp)N" as reported by Holloway and Moore® and 
Davison and Pollard.® In this manner the absorption to 
be used at every angle was chosen prior to starting a 
given run. The data were recorded in terms of the 
number of counts received in: the movable counter per 
standard number of counts in the monitor. Since the 
yield near 90° was always a minimum, the standard 
number of monitor counts for any given run was chosen 
to give a statistical error of less than 5 percent at 90°. 
However, due to the increased background, this sta- 
tistical error for the 1.5-Mev and 2.08-Mev long range 
group was approximately 7 percent. Readings were 
made at every 15° between 15° and 135°. Since the 90° 
yield was chosen as standard, the 90° yield was checked 
frequently. r : 

The background was subtracted from the observed 
yield at each angle, and the corrected yield was multi- 
plied by the sine of the angle to account for the varying 
target thickness as a function of angle. A correction of 
4 percent was made to the data at 15° for the increased 
solid angle subtended by the counter caused by the 
fact that part of the target is closer to the counter. 


3A. B. Martin, Phys. Rev. 72, 378 (1947). 

4B. B. Benson, Rev. Sci. Inst. 17, 533 (1946). 

5 M. G. Holloway and B. L. Moore, Phys. Rev. 58, 847 (1940). 
6 P, W. Davison and E. C. Pollard, Phys. Rev. 72, 162 (1947). 


TABLE I. Coefficients in the equation VY=ao+a,P;+a2P2 
+asP3+a.P.+asP5+aeP¢ to obtain the best fit of the experi- 
mental distributions. 








Curve ao a1 a2 a3 a4 as a6 


Ground state 





3.06 Mev 136 0.05 098 0.41 0.07 —0.17 —0.45 
2.84 Mev 141 0.25 102 0.53 —0.03 —0.17 —0.38 
2.59 Mev 155 0.10 1.51 0.19 0.28 —0.05 —0.57 
2.08 Mev 1.94 0.34 2.08 —0.12 —0.06 —0.07 —0.63 
1.50Mev 141 035 0.82 —0.14 —0.17 —0.06 —0.63 


Excited state 

3.06 Mev 0.98 —0.10 —0.10 —0.10 —0.10 0.02 —0.09 
2.59 Mev 1.01 0.08 —0.05 —0.23 —0.11 0.09 —0.18 
2.08 Mev 0.97 0.15 —0.08 —0.12 —0.01 0.35 —0.10 
1.49 Mev 0.90 0.12 —0.26 0.05 —0.09 —0.03 —0.06 








(The solid angle correction at 30° was approximately 1 
percent and was not applied.) The angle of observation 
in the center of mass system, 6’, is obtained from the 
relation sin(@’—@)=(Vm/V>,')sin®é, where V» is the 
velocity of the center of mass and V,’ is the velocity of 
the emitted proton in the center of mass system. The 
yield in the center of mass system is obtained by multi- 
plying the laboratory system yield by the factor g(6) 
for the ratio of the solid angle subtended in the labora- 
tory system to that subtended in the center of mass 
system, where g(@)=cos(6’— 6) (sin?6/sin?6’). 


RESULTS 


The results obtained are given in Fig. 2, where the 
yield relative to that obtained at 90° is plotted against 
the cosine of the angle in the center of mass system. It 
will be noted that the protons emitted in the formation 
of the excited state are essentially spherically symmetric 
at all energies, while those emitted in the formation of 
the ground state in general show an increased intensity 
in the forward direction. The data were analyzed in 
terms of Legendre polynomials out to Ps by the method 
of numerical integration described by Taschek and 
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Fic. 1. Schematic diagram of equipment used in study of angular 
distribution of protons emitted in the N“(dp)N* reaction. 
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Fic. 2. Variation of yield of protons in the center of mass 
system as a function of the cosine of the angle for various bom- 
barding energies. 


Hemmendinger.’ The coefficients so determined are 
given in Table I. However, if it is assumed that the 
2.59-Mev curve is symmetric with respect to cos@’=0, 
it is found that within the accuracy of this assumption, 
the 2.59-Mev curve is represented by the expression: 
Y=1—0.22 cos?@’+3.44 cos*6’. 

At the lower bombarding energies, where aluminum 
foils were introduced in the path of the beam, the neu- 
tron background increased, accounting for nearly. 40 
percent of the recorded count near 135° in the case of 
the 1.5-Mev ground state curve. In all other cases the 
background was less than 20 percent of the recorded 
counts. It should also be pointed out that no appreci- 
able change in the neutron background as a function of 
angle was noted (except for that attributed to the 
aluminum foils in the beam), and thus it is concluded 
that the cross section for the N'(dn)O"™ reaction is 
small. The data obtained for repeated runs of the 3.06- 


7R. Taschek and A. Hemmendinger, Phys. Rev. 74, 373 (1948). 


Mev and 2.59-Mev ground state curves are shown; 
good agreement was obtained except at 15° in the 2.59- 
Mev curve as shown. It should be noted that the normal 
beam spread of +0.1 Mev is increased at small angles 
due to the increased target thickness (being approxi- 
mately +0.18 Mev at 30° for 2.25-Mev deuterons). 
The use of aluminum foil to reduce the beam energy 
also introduces a slight additional spread, at the lower 
energies, due to straggling. 

The primary source of error in the experiments lay in 
the possible drift in the counting level of the circuits of 
either counter. In order to detect any change, the length 
of time for the standard number of monitor counts was 
always recorded together with the estimated beam in 
order to check the constancy of the monitor counter. 
In order to verify the reliability of the movable counter, 
frequent checks were made on the number of counts 
received at 90°. If any shift in counting levels was de- 
tected, the levels were readjusted and all of the data 
were repeated. 

In these experiments, the compound nucleus is 
formed in a high state of excitation, approximately 22 
Mev. The absence of any appreciable resonance is evi- 
dent from the consistency of the two sets of curves as 
a function of energy, suggesting that at this state of 
excitation the energy level spacing in the compound 
nucleus is less than the energy spread of the bombarding 
deuterons. The lack of appreciable variation of the 
angular distributions with energy in this reaction can 
be compared to the results of Heydenburg and Inglis,! 
where pronounced changes in the distribution are ob- 
served; in their case the excitation of the compound 
nucleus F!* was about 9 Mev. 
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The Angular Distribution of the Photo-Disintegration of the Deuteron* 
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The distribution of protons from the photo-disintegration of the deuteron was measured in detail as a 
function of the angle at an energy of 0.48 Mev above the threshold. The observed angular distribution 
agreed with the prediction of the theory. Measurements of the variation of the angular distribution with 
energy agreed qualitatively with the theory but seemed to give too high a value for the ratio of photo- 


magnetic to photoelectric disintegration cross sections. 





I. INTRODUCTION 


HE theory of the photo-disintegration of the 
deuteron was first developed by Bethe and 
Peierls! and by Fermi? for central nuclear forces. It has 
subsequently been extended by Rarita and Schwinger’* 
to include the tensor force. Their calculations show that 
the tensor force becomes important only at energies far 
above the threshold. In this experiment, we were con- 
cerned with the photo-disintegration of the deuteron 
for energies within 1 Mev above the threshold, and it is 
therefore permissible to examine our results in the light 
of the simple central-force theory. This theory predicts 
an angular distribution in the center-of-gravity system 
of the disintegration protons (or neutrons) of the form 
a+b sin*@, where @ is the angle between the incident 
gamma-ray and the proton (or neutron). The spheri- 
cally symmetric contribution arises from a magnetic 
interaction of the gamma-ray with the magnetic mo- 
ments of the proton and neutron, while the sin*@ term 
arises from the electric interaction of the gamma-ray 
with the charge of the proton. 

This much of the theory is general and does not de- 
pend on the detailed nature of the nuclear forces. How- 
ever, if one wishes to predict the exact energy de- 
pendence of the constants a and 3, it is necessary to 
make specific assumptions regarding the shape of the 
nuclear potentials. For any reasonable assumptions, the 
ratio a/b is found to decrease with energy from a very 
large value in the immediate neighborhood of the 
threshold to a fraction of the order of a few tenths at 
an energy of 1 Mev above the threshold. In the litera- 
ture, 7 has often been used rather than a/b. 7 is the 
ratio of the normalized total photomagnetic to photo- 
electric cross sections and is equal to 3a/2b. 

Measurements of the angular distribution of ‘the 
photo-disintegration of the deuteron have been made a 
number of times.‘~* However, it was only recently that 

* 
= by al report of this work appears in Phys. Rev. 74, 

** Now at Cornell University, Ithaca, New York. 

1H. Bethe and R. Peierls, Proc. Roy. Soc. A148, 146 (1935). 

2 Enrico Fermi, Phys. Rev. 48, 570 (1935). 

3 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 

4F. F. Myers and L. C. Van Atta, Phys. Rev. 61, 19 (1942). 

5 Chadwick, Feather, and Bretscher, Proc. Roy. Soc. A163, 
366, (1937) ; J. Richardson and L. Emo, Phys. Rev. 3, 234 (1938). 

‘G. Graham and H. Halban, Rev. Mod. Phys. 17, 297 (1945). 


™N. O. Lassen, Phys. Rev. 74, 1533 (1948). 
®B Hamermesh and A. Wattenberg, Phys. Rev. 75, 1290 (1949). 
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such measurements were sufficiently improved to per- 
mit quantitative estimates of r. Graham and Halban‘® 
counted the neutrons released in the disintegration of 
deuterium by gamma-rays from ThC”. They found 
7=0.39+0.13. Lassen’? measured the angular distribu- 
tion of the disintegrations by the gamma-rays from Na* 
by counting the protons with a proportional counter. 
His result was r=0.330.09.F All of these results are in 
agreement with theory; however, the experimental 
errors are fairly large. 


II. EXPERIMENTAL METHOD 


With the exception of Lassen’s work, the previous 
investigations have been done either with cloud cham- 
bers or with neutron detectors. In addition, the only 
quantitative results** were obtained at only one 
energy, since natural gamma-ray sources were used. 
The cloud-chamber method suffers badly on the ques- 
tion of intensities. For example, each of the measure- 
ments mentioned above® involved a total of about 70 
measurable tracks. Neutron detection overcomes the 
intensity question to a large extent but suffers from the 
difficulty of scattering, which tends to make observed 
distributions isotropic. In the present experiment, the 
advantage in intensity to be gained from neutron de- 
tection can be shown to be small. It was therefore de- 
cided to detect the protons in order to be able to do a 
cleaner experiment. 

The recently completed pressure electrostatic gen- 
erator at M.I.T.° was used to produce a continuous 
gamma-ray spectrum up to a maximum energy of 3.2 
Mev. With such a source, it is possible to investigate 
the photo-disintegration as a function of gamma-ray 
energy, but it becomes necessary to determine the 
energy of the particular gamma-ray involved in every 
measured event. This was done by measuring the energy 
of the disintegration proton. If it were decided to de- 
tect neutrons, the requirement that their energy be 
measured would very much reduce any intensity ad- 
vantage that the use of a thicker deuterium target 
would provide in a neutron experiment. If protons were 
detected, their energy could be determined from their 


t Note added in proof. —A recent correction (Phys. Rev. 75, 
1099 (1949)) of Lassen’s results changes this value to 0.26+0. 07. 

9Van de Graaff, Buechner, Woodward, McIntosh, Burrill, 
and Sperduto, Phys. Rev. 70, 797 (1946). 
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range in hydrogen, since the range-energy relation in 
this gas is known."° 


Ill. APPARATUS 


The experimental arrangement used in the present 
measurement is shown schematically in Fig. 1. Three 
parallel-grid proportional counters were arranged in a 
telescope, the first two being connected in coincidence 
and the third in anticoincidence with the output of the 
coincidence circuit. The entire chamber was filled with 
deuterium gas which served as the stopping and counter- 
filling gas, as well as the source of deuterons for photo- 
disintegration. A “top hat” located in front of counter 1 
served to define the deuterium target volume. The 
electron target, the source of the gamma-rays, was 
located inside the chamber and was surrounded by 
several inches of lead. The assembly, consisting of the 
counter telescope and hat, could be rotated about an 
axis through the center of the hat and perpendicular to 
the plane of the picture. This device permitted the de- 
tection of protons that originated in the hat and stopped 
before reaching counter 3, thus selecting an energy 
range of protons defined by the length of the counter 
telescope and the pressure of deuterium in the chamber. 
The angle with the incident gamma-ray beam could 
be varied easily; and, by changing the pressure in the 
chamber, disintegrations caused by gamma-rays in 
different energy intervals could be selected. 

There are several features of the experiment that are 
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Fic. 1. The arrangement of the apparatus. 


10 J. Ashkin and H. Bethe, Atomic Energy Commission Docu- 
ment LADC No. 16. Although the range-energy relation for low 
energy (about 200-kev) protons in air is not known with cer- 
tainty, because the “capture and loss” of electrons is appreciable 
below 500 kev, this is not so in hydrogen. Here, because of the 
low energy of the K-electrons, capture and loss is negligible for 
protons above 40 kev. 
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of sufficient interest to consider in some detail. These 
will be discussed in the following sections. 


IV. BACKGROUND 


Overcoming the gamma-ray background proved to 
be the principal experimental difficulty in this in- 
vestigation. The general ionization produced by the 
gamma-rays was so great that it amounted to a d.c. 
current of the order of 0.1 »amp. flowing in the counters. 
The background did not manifest itself as a “piling up” 
of pulses but as fluctuations in this average d.c. current. 
It was quite similar to the noise in an amplifier. 

The noise counting rate (the number of pulses larger 
than a given pulse height) can be shown to be a Gaussian 
function of the pulse height. The half-width of the 
function is proportional to the square root of the d.c. 
current in the counters. The Gaussian character of the 
background made it very sharp. For all practical pur- 
poses, the bias setting of the counters was either com- 
pletely within the background, in which case the count- 
ing rates were so high that the counters were jammed, 
or it was completely out of it. There was never the 
possibility of compromise in the sense that the counter 
biases could be lowered somewhat and a little more 
background tolerated. The proton pulses simply had to 
be larger than the dense band of noise. It was possible 
to realize this situation by adjusting the gamma-ray 
intensity. If this intensity were cut in half, say, by 
halving the generator electron current, the height of 
the noise band would be divided by the square root of 2, 
but the proton pulse height would remain the same. 
Of course, there would now be only half as many proton 
counts per unit time. The permissible counting rates 
are thus very directly determined by the maximum 
tolerable gamma-ray noise. 


V. THE ELECTRON TARGET 


We have just indicated how the limitation on the 
observable intensity in this experiment was the back- 
ground ionization. It was therefore desirable to reduce 
this background in whatever way possible. One way 
was to surround the electron target with lead (Fig. 1) 
in order to cut down the number of low energy gamma- 
rays and electrons in the deuterium gas. Another way 
was by making a proper choice of the material to be 
used for this target. 

Only those gamma-rays of sufficiently high energy 
and radiated in the direction of the deuterium target 
were useful in the present experiment. All other gamma- 
rays contributed only to background in the counters. 
The energy and angular distribution of gamma-rays 
from an electron target can be calculated from a con- 
sideration of the following phenomena: the slowing 
down of the electrons in the target; the multiple scat- 
tering of these electrons; and the bremsstrahlung from 
these electrons. All of these processes depend upon the 
atomic number of the target, and it can be shown that 
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Fic. 2. A block diagram of the electronic circuits. 

















the ratio of useful (high energy, forward-direction) 
gamma-rays to the useless ones has a maximum for an 
atomic number near that of carbon. The electron target 
used in this experiment was made of graphite. 


VI. THE COUNTERS 


The photo-disintegration protons were detected by 
parallel-grid proportional counters. The three grids in 
each counter were circular with diameters of about an 
inch. The central high voltage grid was made of 5-mil 
tungsten wire spaced at a quarter inch. The outside 
grounded grids were of 2.5-mil wire with eighth-inch 
spacing, and the separation between adjacent grids was 
a quarter inch. The counters were operated at a multi- 
plication of approximately 100, with the voltage varying 
from 1000 to 1800 volts for pressures of deuterium from 
5 to 25 centimeters. 

A collimator was placed between counters 1 and 2 
to insure that any particle that went through 1 and 2 
would certainly be counted in 3 if its range were suffi- 
ciently long. 


VII. THE DEUTERIUM TARGET 


For this measurement, as has already been mentioned, 
a gas target was used. A gas target has some advantages 
and disadvantages over a solid target. The advantages 
are that it provides more intensity for targets of the 
same stopping power (because such a target can be 
made of pure deuterium, whereas solid targets would 
include other elements that would contribute only to 
stopping); it is very easy to prepare; it has a known 
thickness; and its thickness is automatically adjusted 
to keep the energy resolution constant for disintegra- 
tions of different energies, since it always contains the 
same fraction of the range of the detected proton. 

The main disadvantage of using a gas target was that 
it became necessary to make a difference measurement. 
The latter fact came about because the entire chamber 
was filled with deuterium, and it was possible for pro- 
tons to be counted even though they originated in 
parts of the apparatus other than the target volume. 
Specifically, protons made between counters 2 and 3 
and going backwards through 1 would be counted. 
Such events would look like the same event as that 
which we were interested in recording. To overcome this 
difficulty, it was necessary to be able to isolate the 
target volume and measure this background. This was 
done by providing a shutter that could be closed just 
in front of counter 1. Then, the desired result was the 


difference in the counting rates obtained with the shut- 
ter “in” and with the shutter “out.” 


VII. THE RECORDING APPARATUS 


The electronic equipment used was sufficiently stand- 


_ard so that no description is necessary here. However, 


its properties should be mentioned. The amplifiers were 
of the feed-back variety, having a rise time of about 0.1 
microsecond." They were provided with delay-line 
clippers and had a resolving time of 1 microsecond. The 
coincidence circuit likewise had a resolving time of 1 
microsecond. A block diagram of the electronic circuits 
is shown in Fig. 2. It should be noted that the coin- 
cidence recorder (C) records every time there is a co- 
incidence between counter 1 and 2 and that the anti- 
coincidence recorder (A) records every time there is a 
coincidence between counter 1 and 2 that does not 
count in 3. Therefore, the A rate is the one in which 
we are primarily interested. 


IX. TESTING THE APPARATUS 


Using a collimated polonium alpha-source, it was 
possible to establish that the counters were uniformly 
sensitive throughout their volume. The performance of 
the counting apparatus is illustrated in Fig. 3 which 
shows the bias curves of the three counters taken with 
polonium alpha-particles. Polonium alpha-particles pro- 
duce roughly the same ionization per centimeter in 
hydrogen or deuterium as a 300-kev proton does. There- 
fore, they serve as a good test for the operation of the 
apparatus under the conditions of actual use. These 
curves were taken both with the beam on and with the 
beam off and with the counters directly under the 
gamma-ray target; that is, with the counter telescope 
at zero degrees to the gamma-ray beam. 
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Fic. 3. Bias curves of the proportional counters. 


1 Model 501 amplifier used at Los Alamos and designed by 
W. C. Elmore. 
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110 W. M. WOODWARD AND I. HALPERN 
TABLE I. Counting rates as a function of angle at several energies.* 
Dz Reser above 
mame eee 0° 30° 45° 60° 81° . 
5 0.22 0.54+0.09 — — — 1.43+0.15 0.67+0.27 
6.5 0.27 0.55+0.10 — — — 1.40+0.12 0.71+0.27 
9 0.35 0.75+0.10 — — —_— 1.85+0.12 0.77+0.22 
15 0.48 1.19+0.15 1.79+.17 2+.23 2.93.22 4.17+0.26 0.49+0.07 
25 0.66 1.39+0.15 — — — 6.00+0.28 0.27+0.06 








* The relative counting rates for the same angle and different energies have no particular significance. 


As can be seen, the presence of the beam smears out 
the plateau. However, there is a small interval above 
the bias of the noise level where the alpha-particles are 
counted with full efficiency. 

The final check was made by fastening an alpha- 
source to the counters and observing whether the co- 
incidence and anticoincidence rates were the same when 
the counters were rotated from the zero-degree position 
to a position at 90 degrees to the gamma-ray beam. 
These tests showed that the apparatus was functioning 
satisfactorily at all the pressures used except 5 centi- 
meters. In the latter case, the counting rates at zero and 
90 degrees were equal within 10 percent, but both rates 
were reduced by 25 percent in the presence of the 
beam, indicating that some of the alpha-particles were 
being missed because of fluctuations in the noise 
background. 


X. MONITORING 


The gamma-rays from the graphite target were moni- 
tored by counting photoneutrons from heavy water. 
A container with 50 c.c. of heavy water was placed next 
to a boron trifluoride neutron detector, and both were 
surrounded by at least two inches of paraffin. This de- 
tector was placed below the disintegration chamber, as 
shown in Fig. 1. Such a device closely monitored those 
gamma-rays that were being used in this experiment, 
these being gamma-rays with energies above the photo- 
disintegration threshold. However, the monitor was 
sensitive to all such gamma-rays, whereas the propor- 
tional counters were sensitive to only a narrow energy 
interval. Their relative counting rates would therefore 
be expected to be dependent upon the gamma-ray spec- 
trum or the generator accelerating voltage. Conse- 
quently, it was found desirable to stabilize this voltage 
to within 1 percent. 


XI. THE DATA 


The following procedure was used in the actual taking 
of the data. The chamber was first filled with hydrogen, 
rather than deuterium, to the pressure at which the 
work was to be carried on. Using the alpha-source, the 
multiplication and biases of the counters and the beam 
intensity were adjusted so that the alpha-particles could 
be counted satisfactorily above the background noise. 
Then, several runs were made without the alpha-source 
but with the gamma-ray beam on in an effort to deter- 


mine whether there was background present. This test 
always produced a null result. Next, the chamber was 
filled with deuterium. Data were taken by alternating 
between the different angles. Background counts were 
taken frequently (a) with no high voltage on the counters 
since this would disclose the presence of any pick-up 
from sparking of the electrostatic generator; and (b): 
with the electron beam off but with voltage on the 
counters to check for any sparking or breakdown 
in the counters. 

It was discovered that the generator would frequently 
“spit” or make small sparks that only the counters were 
able to detect. An additional anticoincidence circuit 
was therefore connected between counters 3 and 2 in 
such a manner that, whenever there was a coincidence 
between a pulse in 2, greater than that which a proton 
could be expected to make, and a pulse in 3, the-circuit 
turned off all the counters. Of course, the actual anti- 
coincidence circuit would always have rejected these 
pulses anyhow so that this sparking would not have 
affected the A rate. These sparks were therefore not 
fundamentally serious. However, there was a small 
correction made in the data, which will be discussed 
later, that required knowing the C rate. It was for this 
reason that the antibreakdown circuit was installed. 

The results of the measurements at five different 
pressures, or energies, are given in Table I and in Figs. 4 
and 5. Because we were limited by time, it was not 
possible to check the angular distribution in detail at 
all energies, and only one energy was used. At other 
energies, only the most sensitive data were taken for 
the determination of 7, the ratio of the magnetic to 
electric photo-disintegration cross sections. 7 is deter- 
mined from the relation r=1.5/(M—1) where M is the 
ratio of the counting rate at 90 degrees to the counting 
rate at zero degrees; that is, M=(a+)/qa. All the data 
were normalized to the monitor rate, and the errors 
indicated are statistical standard deviations. 


XII. INTERPRETATION OF THE DATA 


In order to put these data into a form that can be 
compared with theory, three corrections had to be made. 

The first correction had to do with the imperfect 
transparency of the counters. Among the A counts are 
some that arise from particles that would have counted 
in the third counter, and thus not in A, had they not 
hit some of the grid wires between the second and third 
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counters. This amounted to 7 percent of the particles 
that would normally pass through all three counters; 
that is, 0.07(C—A). It was for this reason that it was 
necessary to know the C rates. 

The second correction concerned the non-uniformity 
of the flux of gamma-rays through the hat or target 
volume. This flux depended slightly on the angular 


orientation of the counter telescope to which the hat’ 


was attached. It was 0.5 percent greater at 90 than at 
zero degrees.” 

The third correction that had to be made arose be- 
cause the momentum carried by the gamma-ray causing 
a disintegration made the event appear sufficiently 
different in the center-of-mass system and in the labora- 
tory system to require consideration. The effect was 
(a) to make proton ranges that were measured in the 
forward direction correspond to disintegration energies 
of the order of 10 percent lower than those of the same 
ranges that were measured at 90 degrees; and (b) to 
make the measured angles somewhat smaller than those 
in the center-of-mass system. For example, 90 degrees 
in the center-of-mass system would correspond to about 
86 degrees in the laboratory system.” 

In addition to these corrections, the data required a 
further treatment in order to allow comparisons to be 
made with the theory. Because of the imperfect energy 
and angular resolution of the counter telescope, it was 
necessary to compute the average or “effective” angles 
for the different orientations of the counter telescope to 
the axis of the gamma-ray beam and also to compute 
the average or “effective” energies of the disintegration 
gamma-rays at the various deuterium pressures used. 

If the quantity, 3 sin?@, is denoted by x, the theo- 
retical angular distribution may be written r+. The 


wn 
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Fic. 4. The angular distribution of 
photoprotons at 0.48 Mev. 
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average value of x for the protons that are detected in 
the counters at any given orientation can be computed 
from: 


fondo 


where dQ is an element of solid angle subtended by the 
counters at the hat and f(@) is a function giving the 
probability of the detection of protons moving at an 
angle ¢ to the axis of the counter telescope. This func- 
tion was determined from a large-scale optical model of 
the counters. The computed values of xt are listed in 
Table II, where w is the angle between the counter- 
telescope axis and the gamma-ray beam. 

For comparison, the quantity } sin*w is also listed in 
the table. This would be the value of x.¢+ if the counter 
system had infinite resolution and all detected protons 
traveled along the telescope axis. 

In the computation of xt, the correction for the 
angle shift in the laboratory system has been included ; 
that is, the values of x.¢¢ in Table II refer to. the center- 
of-mass system. It will be seen that the highest angle w 
is 81 rather than 90 degrees. The construction of the 
apparatus, especially the lead shielding, was such that 
it would have entailed considerable work to extend our 
readings beyond 81 degrees. However, since x= $ sin’0 
is essentially flat near 6=90 degrees, little is lost as 
far as comparison with theory goes by making a 
measurement at 81 instead of 90 degrees. 

The “effective” energy of a particular measurement 
can be computed in much the same way as the “ef- 
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For this correction, it was necessary to know something about the distribution of gamma-rays through the hat. This 
distribution was measured by using the monitor as a detector and moving it back and forth under the apparatus so that it would 


count gamma-rays passing through different parts of the hat. 


13 The actual corrections are easily shown to be an increase in the proton energy in the laboratory system of: 





san Be 


and a decrease in the angle @ with the gamma-ray beam of 


ee 
Er , 


ap= "1 SiO (ey — Ea)Ex}. 


E, is the gamma-ray energy; Ez is the deuteron binding energy; and Ep is the rest energy of a proton. 
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fective” angle. A distribution in range of accepted pro- 
tons is determined from the geometry of the telescope 
system. This is converted into a distribution energy, 
g(E), with the aid of the range-energy relation.’ g(E) 
is shown in Fig. 5 for two of the deuterium pressures 
used. The average energy of the protons detected is: 


| Feo(E,yWE, aE 
E.tt= " 
fe@oe eae 





where o(E,) is the theoretical deuteron photo-disin- 
tegration cross section, and h(£,) is the thick-target 
bremsstrahlung spectrum; that is, the spectrum of the 
gamma-rays through the hat. E.¢¢ depends on the angle 
of measurement, w, through o(£,) and g(£). (The 
angular dependence of the latter quantity arises from 
the transformation from laboratory to center-of-mass 
coordinates. ) 

We arbitrarily chose as the reference energy for the 
measurements at a given pressure the energy half-way 
between the values of E.¢¢ at zero and 81 degrees. The 
observed results were corrected to this energy with the 
help of the theoretical functions o(Z,) and h(£,). In 
this way, the energies were determined at which our 
data are plotted in Fig. 5. Although this procedure in- 
volved corrections of the data on the basis of the theory, 
in no case did these corrections exceed 10 percent. 
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HALPERN 


XII. A DISCUSSION OF RESULTS 


According to the theory, a plot of observed counting 
rates against x.¢ Should lie on a straight line. Our data, 
taken at the energy 0.48 Mev, are plotted in Fig. 4; 


‘and, within statistics, the measurement agrees with the 


theory. 
In the introduction; it was mentioned that the energy 


dependence of r could be predicted if assumptions about 


the size and the shape of nuclear potentials were made. 
However, it can be shown that, at low energies, the 
predicted results are not especially sensitive to the shape 
of the potential well. For mathematical simplicity, a 
rectangular well was therefore chosen in order to com- 
pute the theoretical energy dependence of r. 

In this computation, it is necessary to deal with two 
potential wells; that of the neutron-proton system in a 
triplet S state and that in a singlet S state. For each 
well, two parameters, say, a depth and a width, must 
be specified. Values are therefore assigned to four pa- 
rameters in all in order to compute 7. This must be done 
in a way that is consistent with other experimental 
results for the nuclear two-body problem. The following 
set of parameters is prescribed by such results: 


The binding energy of the deuteron = 2.237 Mev." 

The energy of the deuteron virtual singlet state= 64 kev.!5 

The width or range of the triplet well (from 
neutron-proton scattering data) 

The width of the singlet well (from proton- 
proton scattering data and the assumption of 
charge independence of nuclear forces) 


=1.9X 10-8 cm. 


=2.6X 10-8 cm.'* 
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“R. E. Bell and L. G. Elliot, Phys. Rev. 74, 1552 (1948). 


. Melkonian, Rainwater, and Havens, Jr., Phys. Rev. 75, 1295 (1949). 
16 John M. Blatt, Phys. Rev. 74, 92 (1948). The values given above are based on the most recent evaluation of scattering data 


and were supplied by J. M. Blatt and J. D. Jackson. 
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Using this set of values, the energy dependence of r+ 
was computed.” The result is shown in Fig. 5, where 
our measured values of 7 are plotted with their sta- 
tistical errors. We have also plotted the results of 
Graham and Halban for the ThC” gamma-rays as well 
as Lassen’s results for Na* gamma-rays. It would seem 
that the experimental evidence indicates a somewhat 
larger value of 7 than theory predicts. A curve about 30 
percent higher than the one drawn would be much 
more consistent with all the data. 

The same calculation that gives 7 can be made to 
furnish values for the total deuteron photo-disintegra- 
tion cross section. The values predicted for the ThC” 
and Na™ gamma-rays are 12.0 and 14.6X10-** square 
centimeters, respectively. The most recent measured 
value of the latter cross section is 14.5xX10-** square 
centimeters.!* In addition, the cross section for slow- 
neutron capture by hydrogen can be predicted, and it 
too agrees with the experimental results. Therefore, 
since all of these calculations were made on the basis 
of n,p scattering experiments and the deuteron binding 


17 Techn. Rept. No. 27 of Laboratory of Nuclear Science and 
Engineering, M.I.T. 

¢ See note added in Section I. 

18 Snell, Barker, and Sternberg, Phys. Rev. 75, 1290 (1949). 


TABLE II. The effective angle between the counters 
and the gamma-ray beam. 











rr) 3 sin*w Xeff 
0° 0.000 0.12 
30° 0.375 0.44 
45° 0.750 0.77 
60° 1325 1.12 
81° 1.481 1.42 








energy, it is apparent that many aspects of the neutron- 
proton problem can be fitted into a consistent theory. 
Any large discrepancy between the measured values of 
7 and those calculated would therefore be fairly serious. 
Because of this fact and in view of the large statistical 
errors on all points, it is probably too soon to conclude 
that any disagreement with theory exists. 
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The lifetime for absorption of a #~-meson by a proton leading to the emission of a high energy photon has 
been calculated. Calculations have been performed for both scalar and pseudoscalar r~-mesons and for 
absorption “on the fly” and from bound states. The lifetimes from bound states are extremely short com- 
pared to the time for decay into u~-mesons. The competition between +°-emission and y-emission is con- 


sidered. Inverse processes are also discussed. 





XPERIMENTS on the absorption of mesons by 
nuclei have played a decisive role in the develop- 
ment of current conceptions of meson-nucleon interac- 
tion. The surprising results of the meson absorption 
experiments first carried out by the Italian workers’ led 
to the two-meson hypothesis? in accordance with which 
the z-mesons were supposed to interact strongly with 
nucleons in contrast to the u-mesons. The experiments 
of Powell and his collaborators and of the Berkeley 
group’ have confirmed the idea that m-mesons interact 
strongly with nucleons and it now appears worth while 
to uneertake a more detailed theoretical examination of 
the absorption of negative x-mesons by protons. The 
advantage of an experiment on the absorption of slow‘ 
m-mesons by hydrogen is evident in that ignorance of 
the nuclear wave functions will not obscure the interpre- 
tation of the results. 

At first sight, the strong coupling of m-mesons to 
nucleons would lead one to expect the absorption of z- 
mesons by free protons despite the short life of the 
m-meson (about® 10-* sec.) for decay into a u-meson. 
However, the absorption of a 7-meson by a proton can 
only take place through the emission of another particle 
in addition to the neutron, and unless the z-meson is a 
fermion—which is very unlikely in view of the large 
stars associated with the absorption of a~-mesons°— 
this implies a higher order process which may lead to an 
appreciable reduction in the probability for absorption. 
As it turns out, the time for direct absorption (i.e., ab- 
sorption on the fly) of slow ~-mesons is long compared 
to the decay time. The saving feature is that the time 
for slowing down and capture into a low Bohr orbit is 
short compared to the decay time, for an appreciable 

1 Conversi, Pancini, and Piccioni, Phys. Rev. 68, 232 (1945) ; see 
also Fermi, Teller, and Weisskopf, Phys Rev 71, 314 (1947), and 
John A. Wheeler, Phys. Rev. 71, 320 (1947). 

2 R. Marshak and H. Bethe, Phys. Rev. 72, 506 (1947). 

*Camerini, Muirhead, Powell, and Ritson, Nature 162, 433 
(1948), and E. Gardner and C. Lattes, Science 107, 270 (1948). 

‘The experiment would consist of sending mesons of several 
Mev into liquid hydrogen or hydrogen gas at high pressure. 

5 J. Reginald Richardson, Phys. Rev. 74, 1720 (1948). 

®R. Serber, Phys. Rev. 75, 1459 (1949), R. E. Marshak, Phys. 


Rev. 75, 700 (1949), J. Tiomno and J. Wheeler, Rev. Mod. Phys. 
21, 153 (1949). 


fraction’ of the r~-mesons, at least for liquid hydrogen. 
Once the. x~-meson arrives in a low Bohr orbit, its life- 
time for absorption is indeed small compared to the 
decay time. 

If we assume that the z-meson is a boson, then the 
charge and magnetic moment of the proton and the 
magnetic moment of the neutron lead to one mechanism 
for the absorption process from a bound state, namely, 
the emission of a single photon. A second mechanism 
operates if the existence of a °-meson is postulated (i.e., 
a neutral meson strongly coupled to nucleons); if the 
(x-— 7°) mass difference is greater than the neutron- 
proton mass difference, then 7°-emission will compete 
with photon emission (provided the 7°-meson is a 
boson). Whether or not the 7°-meson decays rapidly 
into several photons,®? a measurement of the relative 
probabilities of (single) photon and 7°-emission will be 
possible. On the other hand, if the r~-meson is, after all, 
a fermion, its absorption by a proton will lead to the 
emission of a neutral fermion (e.g., a neutrino) and it is 
not expected that high energy photons will be observed. 

We first calculate the probabilities per unit time for 
the direct absorption of the 7~-meson by a free proton, 
then discuss briefly the inverse processes, and finally 
calculate the lifetimes for absorption of the #--meson 
from bound states of the ‘‘mesonic hydrogen atom.” 


I. CALCULATION OF THE DIRECT ABSORPTION .- 


Calculations performed long ago for the vector meson® 
are not directly applicable to the low energies con- 
templated in the present experiment. We have not re- 
peated the vector calculations but instead have re- 
stricted ourselves to mesons of spin zero, scalar or 
pseudoscalar. The total interaction Hamiltonian density 
for the nucleons, electromagnetic field and charged 


7 A. Wightman and J. Wheeler, forthcoming publication. 

®R. J. Finkelstein, Phys. Rev. 72, 415 (1947) ; according to this 
paper a scalar or pseudoscalar meson would disintegrate into two 
photons whereas a vector meson would decay into three photons. 
Since our calculations are performed for spin zero mesons, we con- 
tinue to speak of two photons arising from +°-decay ; however, the 
other possibility should be kept in mind. 

*W. Heitler, Proc. Roy. Soc. A166, 529 (1938) and Kobayasi 
and Okayama, Proc. Phys. Math. Soc. Japan 21, 1 (1939). 
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ABSORPTION OF NEGATIVE x-MESONS 


scalar meson field (scalar coupling with the nucleons— 
vector coupling does not lead to a physically new re- 


sult!®) is: 
H=Hyrt+HurtHwnm, (1) 
where 


Hyr = (42) tep*a * Ay 





— (4r)!(up+un)¥*(60-H—iga-E)y, (1a) 

i(4m)}e 
Hur= A: (¢*Vo—$V¢*), (1b) 
Hyu= (4r)g(p*Byotc.c.). (1c) 


In Eq. (1a), the first term represents the interaction of 
the charge of the proton with the vector potential 
whereas the second term represents the interaction of 
the anomalous magnetic moments of the proton and 
neutron with the magnetic and electric fields. Equation 
(1b) represents the interaction of the vector potential 
with the meson current while Eq. (ic) contains the 
meson-nucleon interaction. In Eq. (1) we have omitted 
the Coulomb field between the protons and the negative 
meson. For the transition from a continuum state, the 
Coulomb field can be taken into account by multiplying 
the transition probability by the Sommerfeld factor 
[ (2re?/hv)/1—exp(—2ze?/hv) |. For the transition from 
a bound state, the Coulomb wave function of the bound 
state must be used (see below). 

If we denote by P(=0) and p the initial momenta of 
the proton and the negative meson (q is the momentum 
of an intermediate positive meson) and by Q and k the 
final momenta of the neutron and photon, we can indi- 
cate the four types of transitions which take place (all 
proceeding through one intermediate state) as follows: 


P+ p(Jc)Q’(1a)Q+k, I 
P+ p(1a)P’+k-+ p(Jc)Q+k, II 
P+ p(1b)P+ p’+k(1c)Q+k, III 
P+ p(1c)Q+ q+ p(/b)Q+k. IV 


We expand the meson and electromagnetic fields in the 
customary fashion (normalization is in unit volume) : 


vs > (2E,)! 


hee 
A=>) e®X(ay~+an*), 
k (2c)? 





cP *(Ap+ Bp*), 





where E,=(c?p?+uc*)! (u is the m--meson mass), 
wr=ck, Ap, By, and A; are the operators for negative 


10 F, J. Dyson, Phys. Rev 73, 929 (1948) and K. Case, Phys. 
Rev. 75, 1306 (1949) have shown that vector coupling does not lead 
to any physically interesting results. While scalar mesons lead to 
qualitatively incorrect nuclear forces, we have calculated with 
aan order to test the sensitivity of the results to a specific 
model. 
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meson, positive meson, and photon, respectively, and ¢ 
is the polarization vector. We can easily show that below 
about 7 Mev for the meson," the dominant transitions 
are I and II. We find for the total matrix element from 
I and II (in the non-relativistic approximation the 
scalar theory does not bring in negative energy states 
for the nucleons and this combined with the fact that 
the proton is at rest implies that the recoil of the proton 
gives no contribution to the matrix element) ; 


2ahg 


202 


H;'= 





(up— pn) (ua*o-kX eur), (2) 
m 


where “4, ur are the spinors associated with the initial 
and final nucleonic wave functions, respectively. Sum- 
ming |Hs'|* over the polarization of the photon and 
over the final spin for the nucleon and averaging over 
the initial spin of the nucleon, we obtain for the absorp- 
tion probability per unit time associated with y- 
emission :!? 


W s=2mac(g?/he)(Th/Mc)*(u/a)N, (3) 


where JN is the number of protons per unit volume, a is 
the fine structure constant, '=4.71 is the difference of 
the proton and neutron magnetic moments measured in 
units of the nuclear Bohr magneton, and Z is the reduced 
mass of the meson (f'=y!+ M-"). It is to be noted 
that the expression for Wg is essentially independent of 
the velocity of the meson—provided we stay below 7 
Mev and apart from the Sommerfeld factor. 

To obtain the corresponding absorption probability 
for pseudoscalar mesons, we consider pseudovector 
coupling (pseudoscalar coupling leads to an identical re- 
sult!*), Equation (ic) must be replaced by: 


Hyu=(41)*f(h/uc)p*(o-V—ys(9/dt)) oy. (4a) 


In addition, the presence of the electromagnetic field 
requires a term (for the proton) of the form: 


tAnef 
Hyur= eae -A)yo. (4b) 
uC 


h 


The expression (4b) couples both meson and electromag- 
netic fields to the nucleon and has a diagonal matrix 
element for the absorption of a meson and the emission 
of a photon. Moreover, it can be shown that this transi- 
tion dominates all the transitions involving intermediate 


11 At about 7 Mev the matrix elements arising from III and IV 
(which are equal to each other) become equal to those arising from 
I and II; below 7 Mev they go down as the momentum of thé 
meson. In the case of a meson bound in an s-state, the contribu- 
tions from III and IV are identically zero because of the transverse 
character of electromagnetic waves. 

2 Equation (3) must be multiplied by the Sommerfeld factor; 
however, in the region where this factor becomes important the 
transfer of energy to the electrons changes the picture so com- 
pletely that we shall not trouble to insert it (see reference 7). 

13 This is not an unexpected result as has been shown by Case 
(reference 10) ; for our calculation it is simpler to use pseudovector 
coupling. Pseudoscalar coupling does not require a term of the 
type Hymr. 
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states associated with (1a), (1b), and (4a) in the energy 
region under consideration. We can therefore immedi- 
ately write down the relevant matrix element: 


H p' = 2mief(h/uc)?(ua*o- eur), (5) 
and the absorption probability per unit time: 
W p=8nac(f?/hce)(h/uc)?(u/m)N. (6) 


In order to calculate the probability for the absorption 
of scalar ~-mesons leading to the emission of 7°- 
mesons, we must add a term to (1) which couples 7° to 
the nucleons, namely, 


Hyu°= (4r)¥(g p+ gn’)¥* By, (7) 


where gp” and gw” are the coupling constants of 7° to the 
proton and neutron, respectively. Two transitions are 
now possible (po is the momentum of the 7+°-meson) : 


P+ p(Jc)Q’(7)Q+ po, I 
P+ p(7)P’+ pot p(1c)Q+ po. II 


If we restrict ourselves to slow mesons (so that we can 
replace E, by uc? and Epo° by poc?— uo is the mass of 7°), 
then the matrix element becomes: 


agh? 
———(gw°—gp)[ua*(1+B)ur]. (8) 


Hs5'= 
(wou) tc? 


In Eq. (8) the SS subscript denotes the fact that both 
the 7~ and 7° mesons are treated as scalars. Performing 
the usual spin sums leads to the absorption probability 
per unit time: 


W ss=4ac(g*/hc)(Ag®)*/hc(h/uc)*(po/mc)(uo/io)N, (9) 


where we have set Ag®= (gw°— gp®) and fio! = wo !+M—. 
The above process will only take place provided 
E,— E1o°> ((AM)c*-+-c?”)}, where AM is the neutron- 
proton mass difference. 

A similar calculation can be performed assuming that 
the x~ and 7° mesons are both pseudoscalars. In con- 
trast to the calculation of the absorption probability for 
photon emission, it is more convenient in the present 
instance to use pseudoscalar coupling. We write, 


Hyu= (41)(2M/u) fid*Brsv¢, (10a) 
Hy u°= (4r)*(2M/ po) (fp°+ fv)iv*Bysvo. (10b) 


In Eqs. (10a) and (10b) we have written (2M/n)f as the 
coupling constant since it can be shown that pseudo- 
scalar coupling is equivalent to pseudovector coupling 
for this relation of coupling constants.’ The constants 
fr, fw® represent the coupling constants of 7° to the 
proton and neutron respectively. The absorption proba- 
bility per unit time turns out to be" (in this calculation 


4 Tt is interesting to note that Wpp depends on the sum of the 
“neutral mesic charges” of the proton and neutron whereas W ss 
depends on the difference. This circumstance may lead to a 
possible differentiation between the scalar and pseudoscalar 
theories. 


R. E. MARSHAK AND A. 


S. WIGHTMAN 


the negative energy states for the nucleons play an 
essential role) 





P\(P)?7 h\?/Po\ (Ho 
Wrrnsre() he = (= )(E)» - 
where : 
f= (fr’+fr°)/2. 


It is conceivable that x~ is a pseudoscalar meson and 
m° a scalar meson or conversely. In either case, the ab- 
sorption probability is reduced by a factor (o/Mc)?, 
apart from the effect of the coupling constants. 

In the unlikely event that the m~ is a fermion, its ab- 
sorption by a proton would lead to the emission of a 
neutral fermion (e.g., a neutrino). Assuming spin } for 
both particles, the interaction Hamiltonian is identical 
with the one used in the theory of 6-decay except that yu 
replaces the electron mass. The absorption probability 
per unit time, say for scalar coupling, 47G?(h/wc)* 
X (v*BY)($*B¢) is 


W r=8nc(G*/hc)*(h/uc)*(u/a)N, (12) 


where (G?/hc), the g¢oupling constant, would be taken 
from nuclear forces (to be compared with g/(hc)#). 


II. INVERSE PROCESSES 


Equations (3) and (6) lead immediately, by the 
principle of detailed balance, to cross sections for the 
production of zero-spin m~-mesons by y-rays on neu- 
trons. The results are: 


os=ma(g?/hc)(Th/Mc)?0/c, (13) 
op=4ma(f?/hc)(h/pc)*v/c, (14) 


where » is the velocity of the ~-meson. Equations (13) 
and (14) are valid several Mev above threshold because 
of the approximations made.!* A similar result would 
hold for the production of w+-mesons by y-rays on 
protons. 

Assuming that the °-meson exists and that some 
selection principle operates to prevent the rapid decay 
of the 7°-meson into photons, it becomes of interest to 
consider the absorption of 7°-mesons by neutrons 
leading to the formation of protons and +--mesons. Such 
a process would supply a mechanism for the detection 
of the elusive r°-mesons. The absorption probabilities 
for the zero spin °-meson can be obtained from Eqs. (9) 
and (11) by interchanging the roles of the m-- and 7°- 
mesons—provided that the mass difference between the 
m~ and 7°-mesons is compatible with energy con- 
servation.!” 

16 The different couplings all lead to essentially the same result 
(see R. E. Marshak, Phys. Rev. 57, 1101 (1940)). 

16 Dr. L. L. Foldy has informed us that he has performed calcu- 
lations for meson production by -rays at energies up to twice the 
threshold (see Phys. Rev. 75, 1633 (1949), also L. Nordheim and G. 
Nordheim, Phys. Rev. 54, 254 (1938)). 


_ 17 It must be remembered that the binding energy of the neutron 
in the nucleus will have to be taken into account. 
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The inverse process to (12), leading to the creation of 
a fermi #~-meson, would obviously require neutrinos of 
much higher energy than can be obtained from normal 
sources. 
Ill. ABSORPTION FROM BOUND STATES 


The lifetimes for absorption from bound states can be 
obtained, to a very good approximation, from Eqs. (3), 
(6), (9), (11), and (12) by replacing NV by ¢?(0) where 
¢(0) is the Coulomb wave function of the meson, 
evaluated at the origin. It is not even necessary to use 
the Klein-Gordon or Dirac equation; the Schrodinger 
expression is a sufficiently good approximation for $7(0). 
Thus, if we consider absorption from the K shell, we 
may take ¢7(0) =1/7a;’, where ag=h?/ jie”. Replacing V 
by 1/7a;’, we find for the lifetimes in the K-shell 


1/73=2a4(g?/hc)(Tu/M)*(a/u)*uc*/h, (12) 
1/tp=8ai(f?/he)(i/u)*uc*/h, (13) 
1/7 r= 808(G*/hc)*(fi/u)*uc*/h, (14) 


1/733=408(g?/he)(Ag?)?/hc(po/ uc) 
X (uo/ fo) (H/u)%uc?/h, (15) 


1/tpp=4a3(f?/hc)(f°)?/he(po/ woe) 
X (fi/ ito) (i/m)*uc?/h. (16) 


The last two lifetimes only have significance if (u— jo) 
> (AM). 
IV. DISCUSSION OF RESULTS 


If we insert the density of liquid hydrogen (0.07 g/cm*) 
and the value!® 0.25 for (g?/hc) or (f?/hc) into Eqs. (3) 
and (6), we find for the direct absorption probabilities!” 
associated with single photon emission 


W s=7.3-10' sec.1; Wp=5.4-10° sec. 


The direct absorption probability Wr is greater by a 
factor of ten or more.”° These probabilities are smaller 


18 The K-capture formula for electrons can be taken over directly 
by merely replacing the electron mass by the meson mass (see Eq. 
(20) i in R. E. Marshak, Phys. Rev. 61, "231 (1942)—a factor 2 is 
missing in the denominator for capture from the K shell). 

19 Professor H. A. Bethe has informed the authors that the 
coupling constant for pseudoscalar mesons is appreciably smaller 
than the one given in the literature due to an incorrect treatment 
of nuclear forces; our qualitative conclusions remain unchanged. 

20 The coupling constant (G/hc) is comparable to (g/(hc)}), 
contrary to the statement in R. Marshak and V. Weisskopf, Phys. 
Rev. 59, 130 (1941) ; a factor (27)* was omitted in that paper. 


~ 


than the probability for the spontaneous decay of the 
m~-meson (~10* sec.—!). Even under favorable circum- 
stances (gv,°= —gp°~g or fv°=fp°~f), the direct ab- 
sorption probabilities associated with °-emission are 
not larger than the decay probability. However, both 
the direct absorption and decay probabilities are too 
small to prevent an appreciable fraction of the x-- 
mesons from reaching the K shell.? Once the x~-mesons 
arrive in the K shell, the lifetime for absorption is short 
compared to the lifetime for decay, thus (with the same 
choice of constants) 


Ts=8.0-10-% sec., rp=1.1-10-" sec., 
tr~3-10-" sec., 


Tss~2-10-(po/uc) sec., tpp~2-10-(po/poc) sec. 


To sum up, the vast majority of the ~-mesons 
reaching the lowest orbit of the “mesonic hydrogen 
atom” will be absorbed and not decay into u~-mesons. 
If the x~-meson is a fermion, its absorption will give rise 
to a neutral fermion which will escape detection. If the 
m~-meson is a boson, it will certainly give rise to some 
high energy y-rays. If (u—jo)<(AM) (the neutron- 
proton mass difference), y-ray emission will be the only 
process accompanying the a absorption. If (u—yo) 
>(AM), 7°-emission could compete seriously with 
y-ray emission, the strength of competition depending 
on the relative signs of the coupling constants of 7° to 
the neutron and proton and on (u—yo). Thus, if the 
coupling constants have the same sign and magnitude, 
the probability for y-ray emission is comparable to 
a°-emission even if po~ uoc. The ability to detect 7° will, 
of course, depend on whether or not it decays into 
several photons (assuming that it exists”). 

It is a pleasure to record a conversation with Mr. F. J. 
Dyson in which he informed us of his independent calcu- 
lations of the absorption probabilities associated with 
y-emission. One of the authors (A.S.W.) thanks Pro- 
fessor J. A. Wheeler for helpful discussion. This work 
was supported by the joint program of the ONR and 
the AEC. 


21 Note added in proof.—Recent work at Berkeley (private 
communication from H. York) supplies strong evidence for the 
existence of a neutral meson and points to a mass somewhat larger 
than that of the r~-meson. If this experiment is confirmed, the 
absorption of a x~-meson by a proton should always yield a 
single photon (assuming that the ~-meson is a boson). 
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The Mn K Absorption Edge in Manganese Metal and Manganese Compounds* 
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The Mn K edge has been measured in twelve different states of chemical combination with a high resolution 
double crystal spectrometer. The “white line” at low energies in KMnQ, is shown to be characteristic of the 
compound and not of impurities. Less intense low energy absorption is observed in several other compounds. 
It is believed due to the mixing of states of different angular momentum accompanying homopolar bonding, 
which thus makes available p-type function at lower energies than would be the case in a purely ionic 


compound. 





INTRODUCTION 


HE K edges of the elements of the first transition 

series lie in a relatively accessible region of the 
spectrum and, in addition, the elements enter into a 
wide variety of chemical combinations from simple 
ionic salts to complexes where the binding is largely 
homopolar. For these reasons their K absorption edges 
have been measured by several investigators‘ in- 
terested in the problem of chemical influences on ab- 
sorption edge structure. However, no accurate, com- 
prehensive measurements have been available for the 
manganese edge. It is the purpose of this paper to 
present such measurements and to attempt an explana- 
tion of the more prominent features of the curves. 


EXPERIMENTAL 


A double crystal spectrometer with an Allison type 
mounting was employed. The crystals were of ground 
and etched calcite. Their 1, —1 width at half-maximum 
was 15 seconds at the Mn K edge. This is equivalent to 
0.73 ev. 

The data were taken with thin glass end window 
Geiger counters operated in conjunction with a scale of 
128 recording unit. Two counters were used in the 
course of obtaining the data. They were filled with 
40-50 cm of argon, 2 cm of alcohol, and a trace of 
methylene bromide. Both counters had plateaus of 
about 200 volts with no more than a 1 percent slope. 

The absorbing foil of manganese metal was obtained 
by vacuum evaporation. The samples of the compounds 
were prepared in two ways. By the first method the 
finely powdered sample was mixed with melted paraffin 
which was then allowed to solidify on a sheet of cel- 
lophane. The second technique was merely to spread a 
thin uniform layer of the powdered sample between two 
pieces of adhesive céllulose tape. No significant dif- 
ferences were found between curves taken with the two 
different types of specimens. 

* This research was supported in part by the Research Com- 
mittee of the Graduate School from funds supplied by the Wis- 
consin Alumni Research Foundation. 

1V. Hugo Sanner, Thesis, Uppsala University, Sweden (1941). 


2S. Yoshida, Sci. Papers Inst. Phys. Chem. Res., Tokyo 38, 


272 (1941). 
3'W. W. Beeman and J. A. Bearden, Phys. Rev. 61, 455 (1942). 
) 


*D. Coster and S. Kiestra, Physica 14, 175 (1948). 


Under the action of the x-ray beam the salts become 
somewhat discolored. If the discoloration is due to 
decomposition, calculations show that in the time of a 
complete run, less than 0.001 percent of the molecules 
are decomposed, and this should have no detectable 
effect. Checks were made which verified that the edge 
structure was not affected by long exposures to the 
beam. 

The samples of ferromanganese, which is a crude 
alloy of manganese and iron, were made in the same 
manner as the salt samples. 

In preparing a sample of Mn** ion in solution, the 
absorption in the cell windows and in the water must 
be kept at a minimum. The cells were made by cutting 
a hole through a sheet of lead, 0.25 mm thick, and 
using two pieces of beryllium, 0.4 mm thick, as windows. 
A 2N solution was admitted through a slit in the lead 
spacer before the cell was sealed. The solution run was 
made with only one anion, that being NO; ~. However, 
it was found by Beeman and Bearden® that results 
independent of the anion were obtained on solution 
samples of the ionic compounds of Nit+, Cutt, and 
Znt*, 

The original data for the present measurements were 
taken in the form of seconds per given number of 
counts. Since one is interested in the variation of the 
absorption coefficient, wu, one plots log I/Z against the 
energy of the x-ray photon being absorbed, where J and 
I are the intensities of the incident and transmitted 
beams. With a constant Jo, it is sufficient to plot the 
log of the time required for the given number of counts. 

Ordinarily, one must correct for the following things: 
(1) the background, (2) the second-order component of 
the beam, and (3) the deadtime of the counter. The 
effects of the latter two were negligible in the data 
taken. Careful measurements showed that the second 
order was certainly less than 1 percent and probably 
less than 3 percent of the total x-ray flux measured, and 
consequently, no attempt was made to correct for it. 
As for the deadtime of the counter, a linear response was 
obtained up to the maximum counting speed employed, 
which was 128 pulses/second. The background correc- 
tions were never more than 2 percent of.the maximum 
height of the curve, and were made by a nomographic 
method. 
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DISCUSSION OF CURVES 


Figures 1 and 2 show the Mn K edge for manganese 
in twelve different states of chemical combination. The 
relative positions of the curves should be accurate to. 
+0.2 ev. The individual points are taken with a 
statistical error of 1 percent or less, except for K2MnO, 
and KMnOQ,. The curves for these two compounds are 
the composites of several runs, although the points 
plotted are the values obtained in a single series of 
measurements. 


1. Manganese and Ferromanganese 


The quantum-mechanical radiation theory of Weiss- 
kopf and Wigner has been adapted to the specific 
problem of x-ray absorption by Richtmeyer, Barnes, 
and Ramberg.’ They have shown that the absorption 
coefficient as a function of frequency at an absorption 
edge of a metal is given by 


see tar()} 


where I is the width of the K excited state. 

This equation is strictly true only for a uniform dis- 
tribution of absorption levels, but the initial part of the 
the absorption curve is relatively unchanged by a more 
complex distribution of levels on the high frequency 
side of vo. 

By adjusting the parameters I' and C, one can match 
curves of type (a) with the experimental curves up to 
the inflection point, which is the position of the first 
empty level in the Fermi distribution. Although the 
method does not yield a very accurate value of I’, one 
finds that the width of the K level is somewhat more 
than 1 ev when correction is made for the 1, —1 width 
of the crystals. This is in good agreement with the 
values obtained by Beeman and Friedman® for Fe, Co, 
and Ni. 

The edge obtained for manganese by Coster and 
Kiestra* agrees very well with that presented here. As 
was also found by Coster and Kiestra, the percentage 
of the maximum absorption jump accounted for by 
absorption into the first empty levels is larger in 
manganese than in iron. Using the definition suggested 
by Beeman and Friedman,® the percentage is found to 
be 34 percent, while in iron it is only 23 percent. This 
increase is a reversal of the trend observed in going from 
Zn to Fe where the initial abserption grows smaller 
with decreasing atomic number. 

According to Wyckoff,’ iron and manganese are sup- 
posed to form a series of solid solutions. For the com- 
position which the ferromanganese sample had, namely 
81 percent manganese, the crystal structure should 
correspond to pure manganese. From the curves, the 
absorption into the first empty levels in ferromanganese 

5 Richtmeyer, Barnes, and Ramberg, Phys. Rev. 46, 843 (1934). 

6 W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939). 


7™R. Wyckoff, The Structure of Crystals (The Chemical Catalog 
Company, Inc., New York, 1924), first edition, p. 258. 





is about 28 percent, which is intermediate between that 
for pure iron and pure manganese. Calculations show 
that no reasonable assumptions about possible inhomo- 
geneities in the powdered sample used can account for 
the differences between the manganese and the ferro- 
manganese curves. 


2. The Mn** Ion in Solution 


It was found previously by Beeman and Bearden? that 
the ions Cut+, Zn*+, and Nit* in solution absorbed 
about the same as they would in vacuum. They were 
able to demonstrate that the first absorption peak is 
due to the 1s—4p transition and the second peak to 
unresolved 1s—np transitions (n>5). The K edge of 
Mnt** in solution has many characteristics in common 
with those of Cu*++, Nit+*+, and Zn**, and it is reason- 
able to expect that the structure is due to the same 
transitions. 

After an absorption in Mnt*, the excited 1s electron 
moves in a field similar to that of a doubly ionized iron 
atom. Using the data of Edlen and Swings® for the term 
values of Fe*+, one finds that the energy difference one 
might expect between the 3d°4p configuration and 
unresolved 3d'np configuration (n>5) is about 10 ev, 
which corresponds to the energy difference between the 
first and second absorption peaks at about 13.5 ev and 
23.5 ev in Fig. 2. Also, through the use of the energy 
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ELECTRON VOLTS 


Fic. 1. The Mn K x-ray absorption edges of six manganese 
compounds. The curves are plotted to a common abscissa whose 
zero is the energy of the first empty level above the Fermi dis- 
tribution in Mn metal. 


8 B. Edlen and P. Swings, Astrophys. J. 95, 532 (1942) 
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ELECTRON VOLTS 
Fic. 2. The Mn K x-ray absorption edges of seven manganese 
compounds plotted as in Fig. 1. 


cycle described in reference 3, one can calculate the 
energy difference between absorption into the lowest 
empty levels in the metal and the 1s—4p absorption 
in the ion. The experimentally determined energy dif- 
ference of 13.5 ev lies within the 12.6 ev calculated 
upon the assumption that only the lowest P states are 
available and the 15.8 ev which assumes that all P 
states are equally available. 


3. The Ionic Compounds of Manganese 


The curves for the ionic compounds, shown in Fig. 2, 
are quite similar in their main features. Within at 
most 0.5 ev, these compounds all have their main ab- 
sorption peak at 12.5 ev. All show a second absorption 
peak in the neighborhood of 24 ev. The resemblance of 
these curves to the curve obtained for the solution 
sample makes it quite probable that the structure is due 
to the same electronic transitions. 

One notes, however, that in each instance the peaks 
for these ionic compounds occur at an energy value 
which is about 1 ev less than for the peak of the Mn++ 
ion in solution. A reasonable qualitative explanation for 
the shift is that there is a certain amount of sharing of 
the 49 electron or band formation in these crystals. The 
center of gravity of the band will be lower than the 
original levels, and this will give an effect in the same 
direction as the observed shifts. 

Another feature deserving comment is the low energy 
absorption at 0-5 ev of some of the ionic compounds. 
This is the region where absorption into 3d levels would 


be expected. It has been assumed that in such com- 
pounds the selection rules would forbid any transition 
on the long wave-length side of the 1s—4p transition. 
However, the anomalous absorption indicated in the 
curves was very well verified by using quite thick 
absorbing samples so that differences in intensity of 25 
percent between top and bottom values of the 3d ab- 
sorption were obtained. One might suspect that free 
manganese was responsible for this absorption, but 
this can be definitely ruled out. The manganese acetate 
sample is a pink crystalline solid. It is readily soluble 
and upon solution no evidence of free manganese can be 
seen, although the curves would require that there be 
nearly 20 percent free manganese in the sample. This 
point will be discussed again in-connection with MnO. 

It is probably significant that this absorption into 
low lying levels occurs only when manganese is com- 
pounded with a radical which is rather weakly electro- 
negative. MnCl.-4H2O and MnSo,:- HO show no indi- 
cation of the absorption on this scale. Even with thick 
samples the data gave no definite sign of structure. A 
qualitative explanation can be offered which might 
account for the observed behavior. The chemical 
binding of metallic salts is accomplished through a com- 
bination of ionic attraction and homopolar bonding. 
The wave function representing the state of the crystal 
is a linear combination of the wave function repre- 
senting only the ionic bonds and the wave function 
representing the homopolar attraction. Covalent bond- 
ing involves the sharing of electrons between the anion 
and cation. When the transition elements participate in 
such homopolar binding, Pauling? has shown that 
hybrid orbitals are formed which are made up of linear 
combinations of the s, p, and d orbitals. Because of this 
mixing of states it is not surprising, in compounds where 
the covalent part of the binding becomes important, 
that transitions to low lying hybrid states containing 
some p function are observed. 


4, KMn0O, and K,Mn0O, 


As long ago as 1924, Coster! observed the absorption 
edge of Mn in KMn0O, and found a “white line” on the 
long wave-length side of the main edge. The white line 
is photographic terminology and denotes a narrow 
region of strong absorption. It was pointed out by 
Lindh" and Chamberlain” that the white line occurred 
very close to the position where the manganese metal 
edge began. Since Miss Chamberlain was able to show 
that x-rays will reduce KMnQ,, she suggested with 
Lindh, that the white line which Coster observed was 
due to the free manganese produced by the action of the 
x-rays on KMnO,. Coster’s data were actually quite 
good, but he apparently accepted this explanation. 
Sanner! measured the KMnO, edge, among others, and 

9L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York), second edition, p. 93. 

10D), Coster, Zeits. f. Physik 25, 83 (1924). 


1 A, Lindh, Zeits. f. Physik 31, 210 (1925). 
1K, Chamberlain, Phys. Rev. 26, 525 (1925). 
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expressed doubt that the line was due to free man- 
ganese. It is clear from the present data, of course, that 
free manganese cannot be responsible since the Mn 
curve shows no line absorption at low energies. In 
addition, only a negligible reduction of KMnQ, could 
occur during a single run in our experiments. 

A single absorption line has the form5 





(v) > ’ 
ey ve) (P/2)" 


where I is the width at half-maximum, and (vy—y9) is 
the distance from the center of the line. The entire long 
wave-length side of the peak can be matched almost 
perfectly with a curve which sets ['=2.2 ev with no 
correction for the 1, —1 rocking curve width. When the 
correction is made, one finds that the width agrees 
reasonably well with that obtained from the manganese 
metal edge. 

It is difficult to see why this strong, narrow level 
should occur where it does. Two possible explanations 
can be discussed. 

First, since the bonding in the complex is homopolar 
in nature, one might suspect that, through the hybrid- 
ization of orbitals, a low lying level is formed to which 
the 1s electron is permitted to go. The bonding® in the 
Mn(Q, tetrahedron has been suggested as a combination 
of sp* and sd* orbitals. This would leave a certain 
amount of empty 4 orbital which, if the Mn is neutral 
or near neutral in the complex, would give an absorption 
near the observed white line. On this explanation one 
can account for the less intense white line absorption in 
KeMnO, than in KMnO, since the extra electron of 
K2MnQ, probably fills up some of the levels causing the 
line absorption. 

A second, less convincing, explanation is that the 
white line is due to constructive interference between a 
directly emitted electron wave and the wave scattered 
from neighboring atoms. This point of view, first 


proposed by Kronig,’* correctly predicts the positions 
of several sharp absorption lines which have been 
observed‘ in the Ge K edge in GeCl, vapor, and the As 
edge in AsCl;. However, it seems quite incorrect to 
apply Kronig’s theory to the lowest energy absorption 
in an edge since in such an excited state the electron 
probably remains bound to the absorbing molecule. 

The Mn in KMnOQ, may be formally considered to 
have a valence of 7, and one observes that the main 
edge is-found at considerably higher energies than the 
4p peak in the ionic compounds. The main edge in 
K2MnQu,, where the formal valence is 6, is found at 
somewhat lower values than in KMnQ,. These shifts 
probably have nothing to do with the formal valence as 
was formerly considered to be the case, and the ex- 
planation lies in the influence that the homopolar 
bonding has on the energy levels. 


5. MnO, and MnS 


Absorption into low lying levels is also observed in 
MnO; and MnS. The absorption due to free manganese 
suggests itself as an explanation of the effect, but it can 
be discounted, at least in MnOs, for the reason dis- 
cussed under KMnQ,, namely, there exists a region of 
negative slope in the MnOz curve near 2 or 3 ev which 
is not present in the Mn curve. The explanation must 
lie in the partial homopolar nature of the bond. 

The MnS edge is quite similar in general appearance 
to the edges observed by Yoshida? for the sulfides of 
iron. Since the shape of the edge is so unlike those ob- 
tained for the ordinary ionic compounds of man- 
ganese, it seems quite certain that the binding in MnS 
is predominantly homopolar in nature. This is in 
keeping with the relatively low position of sulfur on the 
electro-negativity scale. 

The results may be summarized by the general 
statement that the amount of absorption into levels in 
the 3d range increases with the amount of electron sharing. 


13 R. de L. Kronig, Zeits. f. Physik 75, 468 (1932). 
14S, T. Stephenson, Phys. Rev. 71, 84 (1947). 
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A formula is developed to explain the low pressure line widths observed in the inversion spectrum of NH; 
by Bleaney and Penrose. The assumptions made are those characteristic of the statistical theory of pressure 
broadening. The result, which is entirely devoid of adjustable parameters, agrees with the data about as well 
as do the impact theories with their unreasonable collision radius. 


HE development of high precision techniques in 
microwave spectroscopy offers new and attractive 


* Assisted by the ONR under contract N7onr-288, Task 
Order_IT 


opportunities for solving the old problem of the broaden- 
ing of spectral lines. This problem had never received a 
complete and wholly satisfactory treatment, and the ex- 
citement over new events in the realm of the nucleus 




























122 


quickly drained it of interest and of attention. Now 
interest is shifting back and seeking its former focus. 
The present note, if it makes any contribution at all, is 
merely to aid in this process of focusing thought upon 
crucial issues. The circumstance that the simple theory 
here developed accounts for the facts is, after all, per- 
haps fortuitous. 

There are two fundamental approaches to the theo- 


retical study of pressure broadening. The first, and older, ° 


was initiated by Lorentz and results in a concept known 
as collision broadening or impact broadening.’ Impact 
theory starts from the classical idea that interruptions 
of a continuous absorption or emission process produce a 
frequency spread of the absorbed or emitted radiation, 
and the spread is proportional to the number of inter- 
ruptions per unit time. Precisely what is meant by an 
interruption is, of course, not clear and it is necessary to 
define a suitable “shield” around a radiating molecule, 
whose piercing by an intruder constitutes by fiat a colli- 
sion, that is, an interruption of the radiative process. In 
some instances the radius of this shield does not differ 
much from the gas-kinetic diameter of the molecules, 
but in general it is a good deal larger. And its size seems 
to depend on the range of the intermolecular forces. Im- 
pact theories are thus forced to operate with an unde- 
termined, and therefore adjustable, parameter, the colli- 
sion radius, which despite its intuitive appeal has no 
true physical significance. 

The second approach to the problem is through a 
statistical theory which envisions an idealized process 
known as statistical broadening.” Based on the simplest 
notions of quantum theory, it conceives of the levels of a 
given molecule as slightly altering their positions under 
the influence of approaching perturbers, after the fashion 
of the Stark and Zeeman effects. A spectral line arising 
from a transition between any two levels will therefore 
have its frequency diffused over an interval corre- 
sponding to the range of perturbation (by intermolecular 
forces) of the levels concerned. The intensity within the 
line between v and v+dy is thus proportional to the 
probability, in a simple statistical sense, that the energy 
difference of the levels shall lie between hy and h(v+dy), 
and this probability is equal to the relative size of that 
part of configuration space for all the molecules, in which 
the energy difference falls within the specified range. 

When this probability is computed, no undetermined 
or adjustable parameter haunts the scene. The theory 

‘thus exposes itself to a severer test than the impact 
formulas and is likely to be more instructive. But it is 
nevertheless an extreme approach valid under special 
circumstances; for it is certainly true that broadening 


1H A Lorentz, Proc. Amst. Acad. 8, 591 (1906); V. F. Weiss- 
kopf, Zeits. f. Physik 75, 287 (1932); J. H. Van Vleck and V. F. 
Weisskopf, Rev. Mod. Phys. 17, 227, 1945. Both types of theory 
are reviewed in some detail by W. W. Watson and the author in 
Rev. Mod. Phys. 8, 22 (1936). 

2H. Margenau, Phys. Rev. 40, 387 (1932); 48, 755 (1935); 
E. Lindholm, Arkiv for Mat., Astr. och Fysik 28, 1 (1941); 32, 1 
(1945); H. M. Foley, Phys. Rev. 69, 616 (1946). 
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occurs as a result of the cessation of absorption (or 
radiation) at impact even if no distortion of the energy 
level scheme took place. Ultimately the two approaches 
must be combined; but that is not the purpose of this 
paper. 

Bleaney and Penrose* have provided a valuable set of 
data on the breadth of the lines of the inversion doublet 
in ammonia. The interesting aspect in their results is 
that each measured line corresponds to a single set of 
quantum numbers, J, K, of the absorbing molecule. 
This, together with the fact that these authors con- 
ducted their measurements at very low pressures, per- 
mits the formulation of a simple statistical theory which 
should do at least qualitative justice to their meas- 
urements. 

Following recent trends, Bleaney and Penrose* them- 
selves have presented an impact theory which, when 
casually inspected, renders good account of their results. 
It bears, of course, the fault of all such theories in being 
forced to assume an arbitrary collision radius or, what 
amounts to the same thing, an energy of interaction 
which, when exceeded, makes the approach of a second 
molecule count as a collision. Unfortunately, this mini- 
mum energy of interaction turns out to be about twice 
the separation of the inversion-doublet levels. If this 
were to be interpreted literally it would imply that the 
molecule could go on absorbing even when the perturba- 
tion is larger than its natural frequency, or indeed when 
the natural frequency is negative. In suggesting this, the 
impact theory rather defeats itself. 

Bleaney and Penrose use a process for averaging over 
the orientations of the molecular dipoles which can be 
improved. In the introduction to his dissertation® D. F. 
Smith has recomputed the line widths in the fashion of 
these authors, but with the use of a quantum mechanical 
method® for averaging. His theoretical results fit the 
data as well as does these authors’ curve, and he finds 
that a minimum energy of perturbation equal to the 
separation of the levels is needed to obtain numerical 
agreement. This relieves to some extent the internal 
difficulties of the impact theory, but it does not inspire 
confidence. We turn, therefore, to its competitor, the 
statistical theory. 

The intermolecular forces between symmetrical top 
molecules carrying an electric dipole along their figure 
axis were calculated by D. T. Warren and the present 
author.® They showed that, at large distances of separa- 
tion (corresponding to the low pressures used in the 
experiments here under discussion) only first-order 
forces proportional to 1/R‘ are of importance; R is the 

t Note added in proof.—A significant study of this problem has 
been made by P. Anderson, whose paper, now in process of publica- 
tion, came to the author’s attention after the present note was 
submitted. 

; 04) Bleaney and R. P. Penrose, Proc. Roy. Soc. A189, 358 
4B. Bleaney, Physica 12, 595 (1946) ; also C. V. D. Report}CL. 
Misc. 70 (1948). 


5 De Forest F. Smith, Dissertation, Yale University,¥1948. 
6H Margenau and D, T. Warren, Phys. Rev. 51, 748 _(1937). 
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v=h[E(J, K)+V(, K, J’, K’,) 
: —V(J, K, J’, K’, u)], 
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distance between the centers of two interacting mole- 
cules. Indeed if one molecule is in the state described by 
the quantum numbers J and K, the other in the state 
J', K', and both carry a dipole moment yu, then the 
energy of interaction, which depends on these four 
quantum numbers and upon a fifth, A, (to be discussed 
presently), may be written 


we? KK’ 
RI(IJ+1)'(J'+1) 


The individual M’s of the two molecules are not “good 
quantum numbers,” since the separate angular momenta 
about the intermolecular axis are not conserved. But 
there are as many quantized states of interaction as 
there are values M, M’, that is, (2/+1)-(2J’+1) 
states. These are labeled by the index A, and «& is a 
numerical factor for each of these states. Now the mean 
value of V for a given set J, K, J’, K’ vanishes,® 


Da =0. (2) 


Hence there is no mean displacement, no shift of the 
spectral line. 

The numbers ¢) are in general irrational and can only 
be computed as roots of a secular determinant. But their 
values will not be needed here. 

If E(J, K) is the normal energy of separation of the 
doublet levels, the frequency of a line absorbed by one 
ammonia molecule (JK) when another (J’, K’) is a 
distance R away will be 





VU, K, J’, K’, = (1) 


= vot By, /R® 
provided we put 
Th KK’ 
"hI SEDI S'+D 


This is true because in passing from one to the other of 
the inversion states the dipole merely alters its 
orientation, which means that the perturbation V 
changes from one permitted state \ to another, u. There 
will, of course, be selection rules, but we shall ignore 
them in view of the fact that the number of possibilities 
for \ and uy is fairly: large even for moderate J and J’. 
We shall assume the e, to have a random distribution; to 
ignore the selection rules is then tantamount to sup- 
posing that the levels u which can be reached from a 
level d are still distributed at random. 

Henceforth we write a single subscript, o, for the pair 
\, w and understand that o runs from 1 to m where 
n=[(2J+1)(2J’+1) P. 

Consider now an absorbing molecule as it moves 
through the gas. The theory to be developed is the 
simplest possible one, constructed on the premise that 





(e,— Ey) _ b(e,— Ey). (3) 


Au 


7 Perhaps it is significant that the lines for which J is lowest (2 
and 3) show the widest departures from our theoretical curve, 


all collisions are binary encounters. This limits its 
validity to low pressures. On this basis one may think of 
an absorber as moving, successively, through the “pri- 
vate” spaces of all perturbers, each of which has a 
volume N- if there are N molecules per cc. For sta- 
tistical purposes we select ” such private spaces, one for 
each type of interaction (1 <o <n). In the oth space or 
cell, v=)+B,/R’, or 

f=B./R*, (4) 


if f is the frequency measured from the center of a 
broadened line. The portion of the oth space (which may 
be considered spherical) wherein the frequency lies near 
f is a spherical shell of radius R such that R satisfies 
Eq. (4). In other words, the probability for this particu- 
lar value of f contributed by cell ¢ is 


I,(f)df « (44/3) (dR*/df) df. (S) 


If f>0, only one-half of the m cells can contribute to 
the probability, for half the perturbations, i.e., half the 
B,, are negative. The intensity of the line at f is there- 
fore obtained by summing (5) over the /2 values of B, 

N 249 ~) 


that are positive: 
Fa) 
2° 3\ dg * df\f 


in view of Eq. (4). The factor N/m is the reciprocal of the 
volume of all available cells. The distribution of the B, 
is symmetric about the value zero (see Eq. (2)), and the 
last sum may be replaced by 


1d » |B,| 
2df« f 


4n N 


I(f)= 
3 n 

















We thus obtain 
2 N>.|B.| 


( a 


= ; (6) 
if 2 





A word must be said about the normalization of J. In 
cell «, the smallest value of f is not zero but B,/Rmax’ 
and Rmax*=3/4aN. In computing /-Jd/, the lower limit 
must be taken to be different in every term of the 
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summation, namely (47/3)NB, in the term a, while the 
upper limit is always ©. With that understanding, 


frnas=a 


as it should be for the positive half of the f-distribution. 
In toto, then, I(f) is normalized to 1. 

In evaluating the sum of Eq. (6) it is necessary to 
assume a Gaussian distribution for the B,. This is 
doubtless a good approximation, for the value of n is 
quite large. The reader will note, of course, that this is 
not the same as a replacement of the spectral line by a 
Gauss curve. This latter procedure is wholly unjustified 
because a Gauss curve has a finite standard deviation 
whereas a spectral line (dispersion curve) does not. For a 
Gaussian distribution the mean of the absolute values is 
(2/2)? times the standard deviation; therefore 


1/n die | Bo| =(2/m)'Ln De Be}. (7) 
We now recall that B,=6(e,—e,), and 
> B2=6b? > (e,—€,)?= 2b?! + e,?=2b?ne?. 
Ay »N 


g 


The mean square energy ée’ was calculated in reference 6; 
it is 
e=FJ(J+1)J’(J'+1). 


On inserting it, and on putting Eq. (7) back into Eq. (6), 
we have 


4 2e\) py? KK’ N 
1n=(=) = — 
3N3 4 hk [IJ+1)I'(J'+1)} P? 





(8) 


This result is correct only for values of f that are 
larger than the minimum perturbations occurring in the 
various cells. Experiment shows pressure broadened 
lines to have in fact an asymptotic distribution pro- 
portional to f~*, for they conform to the dispersion law 


I(f)=1/r[Af/P?+ (4/7), (9) 


which approaches 


I(f)1/x(Af/f?), (9’) 
for large f. 


To derive a formula of the dispersion type one would 
have to treat the lower limits of f in the different cells 
with more care than we have done; but this is not 
necessary for the present purpose. 

Equation (1) represents a contour that is also nor- 
malized to 1, and Af, sometimes called the half-half- 
width, is the distance on either side from Imax at which 
I has the value 3Jmax; it is the quantity plotted in the 
diagrams of Bleaney and Penrose. Upon comparing (8) 
with (9’) we conclude 


2m\! p2 KK’ 
af=2(— —¥ 
37 h [J(IJ+1)I'(J'+1)} 





(10) 
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There remains only the task of averaging over the 
values of K’ and J’ which characterize the states of the 
molecules perturbing the absorber. This computation 
must be carried out with the proper weighting factors, 


[K'L'(J'+) yn 
SK (I?+J)Ag(I’, K’) expl—-W('K)/kT] 


J'K' 





; w g(J’; K’) expl—W(J', K’)/kT ] 

J'K’ 
The sums were evaluated by D. F. Smith;* the average 
is 0.54 for a temperature of 20°C. The dipole moment 
p= 1.44X10-"8 e.s.u. for ammonia. This leads to the 
final result 


Af/p=1.13X10-[K?/J(J+1) }! 


X(cm—/mm Hg) at 20°C. (11) 


Here the pressure #, as indicated, is in mm of mercury. 
The measurements of reference 3 were made at p=0.5 
mm. They are plotted in Fig. 1, the straight line repre- 
senting Eq. (11). Agreement between Bleaney and 
Penrose’s data and the present theory is perhaps not 
quite as good as that obtained by the authors them- 
selves, but it seems nevertheless significant. 

To understand line width data at higher pressures of 
the absorbing gas an extension of statistical theory 
beyond this simple stage is required, for it is certain that 
impact theory can lay no claim to conceptual adequacy 
when the mean perturbation is as great as the distance 
between the undisplaced energy levels, which is true at 
atmospheric pressure in ammonia. Theoretical progress 
is then impeded largely by three obstacles. 

First, the forces between the dipole molecules are not 
additive, and it appears very difficult to calculate the 
aggregate effect of many cooperating encounters. The 
problems that beset the theory of condensation of a 
dipole gas raise their heads at this point. 

Second, forces of shorter range than those here con- 
sidered must be included in the calculation for higher 
pressures. These forces are not attractive and repulsive 
with equal probabilities. When they become important a 
shift of the line should be observed. 

Finally, the whole picture of an absorbing ammonia 
molecule in the neighborhood of perturbing molecules 
will break down. The level separation in the inversion 
spectrum results from the existence of a potential hill 
through which the N-atom must pass to reach the in- 
verted position. That separation may be lessened on 
sufficiently close approach of a dipole. Qualitative con- 
siderations indicate that it should be diminished by 
interactions, a fact quite in line with recent findings*® 
which seem to require a decreasing “natural” frequency 
as the pressure increases. But this is an effect that will be 
checked by more careful calculation. 


8 De Forest Smith, Phys. Rev. 74, 506 (1948). 
°], R. Weingarten, Columbia Rad. Lab. Report, May 1, 1948. 
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The photoelectric and thermionic properties of spectroscopically pure nickel were studied through a wide 
range of temperatures including the Curie temperature, 350°C. The samples were studied after having been 
subjected to long outgassing processes. A marked change occurs in the slope of the temperature-photoelectric 
current curves at the Curie temperature. This change is accounted for by an increase in the work function 
and a change in the probability factor a. The work function of carefully outgassed nickel was found to be 
5.05+0.05 electron volts below 623°K. At this temperature the work function increases becoming 5.20+-0.05 
electron volts at 1108°K. A work function of 5.24 electron volts was determined thermionically at tem- 


peratures of 1150°K and above. 





I. INTRODUCTION 


HOTOELECTRIC and thermionic properties of 
several! metals have been studied with emphasis 
on changes associated with crystallographic transforma- 
tions and/or Curie points. This paper is a report of a 
similar study on nickel through a wide range of temper- 
atures, including the Curie point. It is generally agreed 
in the case of nickel that at the magnetic transformation 
temperature, 350°C, no crystallographic transformation 
occurs. 


II. APPARATUS AND METHOD 


The experimental tube was similar to that used by 
the author in the study of tantalum. The tube was 
specially designed for measurements on both photo- 
electric and thermionic properties, a guard ring being 
so placed that end effects were eliminated. The sample 
in the form of a strip, 0.03 millimeters thick, 4 milli- 
meters wide and 14 centimeters long, was suspended as 
a loop inside a molybdenum collecting cylinder. The 
spectroscopically pure (at least 99.99 percent) nickel 
from which the filaments were fabricated was supplied 
by Adam Hilger. 

For photoelectric observations, radiation from a 
quartz mercury arc was dispersed by a Bausch and 
Lomb quartz monochromator and fell onto the sample 
through a thin quartz window and a hole in the col- 
lecting cylinder. Relative intensities of the spectral 
lines were obtained from the response of a bismuth- 
silver vacuum thermopile. Temperatures at and above 
1100°K were determined by means of an optical 
pyrometer of the disappearing-filament type focused on 
the sample through a thin optically flat Pyrex window 
and a hole in the cylinder. Black-body temperatures 
were corrected for the emissivity of nickel according to 
the data of Wahlin and Wright.6 Lower temperatures 


* This work was generously supported by a Frederick Cottrell 
grant from the Research Corporation. 

1A. B. Cardwell, Proc. Nat. Acad. Sci. 14, 438 (1928). 

* A. Goetz, Phys. Rev. 33, 373 (1929). 

3A. B. Cardwell, Phys. Rev. 38, 2033 (1931). 

‘H. B. Wahlin, Phys. Rev. 61, 509 (1942). 

5 A. B. Cardwell, Phys. Rev. 38, 2041 (1931). 

6H. B. Wahlin and R. Wright, J. App. Phys. 13, 40 (1942). 


were determined graphically by interpolation between 
room temperatures and temperatures in the optical 
pyrometer range. 

For most of the work the vacuum system consisted of 
a silicone-fluid three-stage water-cooled diffusion pump, 
a liquid-air trap, and a Welch Duo-seal mechanical 
pump. Several runs were made with a water-cooled 
mercury diffusion pump substituted for the silicone- 
fluid pump. Pressures were determined with a type 
VG-1A ionization manometer. 

Photoelectric and thermionic currents were measured 
by a current amplifier utilizing a Western Electric 
D-96475 tubes. Current sensitivity of a wide range 
could be obtained by changing the fixed high resistor in 
the circuit. 

The outgassing process to which each sample was 
subjected varied only slightly. In general, after the 
installation of the sample, the entire tube and ionization 
gauge were baked at 500°C for several days. During the 
last two or three days of this interval, the filament was 
heated by a conduction current at temperatures which 
were slowly increased to 900°C. At the end of this 
period the furnaces were removed and the filament 
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Fic. 2. Analysis of photoelectric observations by Fowler’s method. 


further heated at temperatures which were finally 
increased to 1200°C. At intervals the collecting cylinder 
was heated by high-frequency induction to a cherry-red 
temperature. After approximately 1500 hours of heat 
treatment, the photoelectric and thermionic properties 
of the sample became stable. Pressures varying from 2 to 
8X 10-* mm of mercury were obtained with the filament 
at the high temperature. 


III. PHOTOELECTRIC RESULTS 


Data for the photoelectric and thermionic properties 
which are presented in this paper were taken after the 
sample had gone through the entire outgassing process 
and thus after it had reached a stable condition. There- 
fore, it is hoped that the results obtained represent the 
properties of pure “gas-free” nickel. 

Figure 1 is a sample curve showing the photoemission 
as a function of current through the filament at the 
time observations were made. The temperatures cor- 
responding to four heating currents have been indicated. 
It is obvious that these curves do not follow the varia- 
tion of photocurrent with temperature for various 
wave-lengths required for a given metal by Fowler’s 
theory.” ® 

It was thought that the discontinuous change in slope 
of the photoemission-temperature curve (Fig. 1) at 
623°K might possibly be a direct result of the change in 
the reflectivity of the nickel surface. To obtain informa- 
tion on this point, the photocurrent produced from the 
collecting cylinder by radiation reflected from the 
nickel strip was measured as a function of the filament 
temperature. Since the radiation from the mono- 
chromator was carefully focused onto the filament, such 
a curve was readily obtainable by reversing the 
accelerating potential between the filament and the 
cylinder. No appreciable change in the reflectivity with 
temperature could be detected. This is in agreement with 
the work of Weil,? who found no change in the reflec- 
tivity in the region of the Curie point. 

The data were analyzed by the method of Fowler.’ 
Sample curves of the photoelectric data for five tem- 
peratures (one below, one at, and three above the Curie 
point) are shown in Fig. 2. In each case the origin of 

7R. H. Fowler, Phys. Rev. 38, 45 (1931). 

8L. A. DuBridge, New Theories of the Photoelectric Effect 


(Hermann & Cie, Paris, 1935). 
*R. Weil, Nature 158, 672 (1946). 


the theoretical Fowler curve, which brings the experi- 
mental curve into coincidence with the theoretical 
curve, is indicated on the curve. Work functions were 
computed from the horizontal shifts (4v/kT). Fowler 
plots of data taken at temperatures between 623°K 
(Curie temperature) and 1108°K give work functions 
which gradually increase from 5.06 to 5.20 electron 
volts. Photoelectric data above 1108°K could not be 
obtained because of the magnitude of the thermionic 
emission. 

It should be noted that the vertical shifts required to 
bring the curves into coincidence with the theoretical 
curves are not the same for all temperatures. Since 
the photocurrent in all cases was measured in the 
same units, the different vertical shifts correspond 
to changes in the probability factor a in the Fowler 
theory as the sample passes through the Curie tem- 
perature. Since a is thought to vary as n—*/? (m being the 
number density of free electrons), the implication is 
clear. The variation in a for a metal due to change in 
density with temperature is not only smaller than that 
indicated for nickel but also in the opposite direction. 

No high degree of accuracy is claimed for the mag- 
nitude of the vertical shift. Bringing the curves into 
coincidence is hardly as sensitive to a vertical shift as 
to a horizontal shift. However, best fits for data taken 
on the several samples studied were obtained with the 
vertical shifts indicated. 

The change in the slope of the photoemission-tem- 
perature curve (Fig. 1) which occurs at the Curie point 
and which indicates both a change in @ and the work 
function is an interesting characteristic associated with 
the discontinuities of electrical conductivity, thermal 
expansion, and secondary electron emission observed 
for nickel by Masumoto!® and Hayakawa." It also 
throws some additional light on the changes in the 
thermionic and/or photoelectric properties which have 
been observed for iron,‘ tin,? and cobalt* as these 
metals pass through temperatures at which crystal- 
lographic and/or magnetic properties. change. 


IV. THERMIONIC EMISSION 


Data for determining the thermionic constants were 
taken on one sample, and the saturation value of the 


10H. Masumoto, Sci. Rep. Tohoku Univ. 15, 449 (1926). 
1K, Hayakawa, Sci. Rep. Tohoku Univ. 22, 934 (1933). 
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thermionic emission was determined as a function of the 
temperature. A Richardson plot of these data gave an 
average value for the work function of 5.24 electron 
volts. Consistent values for A were not obtained, but 
its value appeared to be in the neighborhood of 50. 
The value of the photoelectric work function, 
5.05+0.05 electron volts obtained below the Curie 
temperature agrees well with the value, 5.01 electron 
volts, obtained photoelectrically at room temperature 
by Glasoe.” The photoelectric work function of 
5.20+0.05 electron volts determined at 1108°K is 
slightly lower than the value 5.24 electron volts deter- 
mined thermionically at temperatures of 1150°K and 


2G. N. Glasoe, Phys. Rev. 38, 1490 (1931). 
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above. This indicates that the photoelectric work 
function might further increase slightly with tem- 
perature before reaching a constant value, and thus 
before giving a typical Fowler variation of photocurrent 
with temperature. The above values are higher than 
the thermionic value 5.03 electron volts determined by 
Fox and Bowie!* and 4.61 electron volts reported by 
Wahlin.‘ 
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Breakdown of Ionic Crystals by Electron Avalanches* 
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In gases at moderate pressures breakdown occurs when the avalanche produced by a primary electron 
regenerates with certainty a new starting electron (Townsend condition). In ionic crystals the breakdown 
strength appears to be determined by the probability of exciting lattice vibrations, without reference to the 
electron supply. The theory as formulated to date predicts an increase of the breakdown strength with 
temperature. Confirming our previous results we find for both d.c. and a.c. an increase followed by a de- 
crease. By extending our experiments to transient voltages of rise times down to 10-8 sec., and by adopting 
evaporated n'etal electrodes and various kinds of irradiation, the influence of field emission and of space 
charges on the breakdown strength and on the scatter of the breakdown values has been investigated. The 
occurrence of directional breakdown paths seems to be connected with the Brillouin zones of the crystal 
structure as the outcome either of electron diffraction or of collisions between electrons and directed lattice 
vibrations. The possibility of using crystals as Geiger counters is briefly discussed. 


INTRODUCTION 


HILE the sequence of events leading to electric 
breakdown in gases is today fairly well under- 

stood, in the case of solids basic questions are still asked 
concerning the mechanisms causing the destruction of 
these dielectrics. This lag in advance is partly due to 
the experimental difficulties of handling very high field 
strengths and partly inherent in the complexities of the 
solid state. In solids, electrons and ions do not lead a 
transitory existence as in gases, but appear as stable 
building stones of the structure in various forms of 
bonding. They may be mobilized under a variety of 
conditions, but remain, even in motion, strongly coupled 
to their surroundings. Space is at a premium; reaction 
products, once formed, are left behind as localized 
debris instead of being swept out in short order. Hence 
breakdown may occur in various ways: by thermal 
activation of charge carriers or by chemical decom- 
position, by dendrite formation or electron trapping, 


* Sponsored by the ONR, the Army Signal Corps, and the Air 
Force under ONR Contract N5ori-07801. 


and finally, when these types of destruction are 
avoided, by electronic impact ionization.! 

This last form of electronic breakdown has been of 
special interest to us for a number of years? because it 
holds the key to the development of a “physics of high 
field strength.” It is the purpose of the present paper to 
re-assess the situation in the light of new evidence. 

The major part of our experiments up to the present 
has been carried out with alkali halide single crystals 
since they may be grown and handled with ease, form 
a variety of compounds of cubic structure, and have 
been investigated in much detail at lower field strength, 
especially by Pohl and his co-workers.’ 


1. ORIGIN OF THE STARTING ELECTRONS 


Statistical considerations as well as experimental 
evidence show that the concentration of conducting 
electrons in these crystals is negligible at room tem- 


1 A. von Hippel, J. App. Phys. 8, 815 (1937). 
2 A. von Hippel, Trans. Faraday Soc. 42, 78 (1946). 
3R. W. Pohl, Physik. Zeits. 39, 36 (1938). 















































FIELO BREAKDOWN FIELD ACCORDING TO 
NECESSARY LOW-ENERGY CRITERION. 
TO ACCELERATE [4 _ 


ELECTRON BREAKOOWN FIELD ACCORDING TO 
OF GIVEN FROHLICH’S HIGH-ENERGY CRITERION. 
ENERGY 











~ 010R 02 EV ELECTRON ENERGY —e= IONIZATION 


ENERGY 


Fic. 1. The field necessary to accelerate an electron 
of given energy (schematic). 


OPTICAL LONGITUDINAL MODE 
Azi2a 
in Fila 
2 @--0 GO ROO ©--® exe @--© 6 ‘ 
Ps c Oo 


— 


has 


hoe 
<= 


Fic. 2. Concentration of charges by a longitudinal mode. The 
arrows indicate the displacements of the ions from their equi- 
librium positions. A and C are regions of concentrations of nega- 
tive charge, B and D of positive charge. 


perature. A thermal activation energy of about 4 ev, 
required for their liberation from the halogen ions, 
would lead to a concentration of about 10-” per cm’. 
Release from the more shallow ‘Schottky defects’’ of 
the real crystal, i.e., from the F-centers where halogen 
ions are missing,* may be accomplished by activation 
energies of 1 to 2 ev, but still the concentration of con- 
ducting electrons should be much smaller than 10-5 
per cm® in uncolored crystals (density of F-centers 
<«10"). 

This argument rules out any breakdown theory pro- 
ceeding from the assumption that a large number of 
conducting electrons are present in these crystals in 
thermal equilibrium without field. However, it does not 
exclude offhand the possibility that the crystal itself 
can provide the starting electrons for breakdown as 
soon as the voltage has reached a limiting value. Any 
electron, while free momentarily, may be accelerated by 
the electric field; hence the equilibrium concentration 
multiplied by the vibration frequency causing thermal 
liberation corresponds to the number of conducting 
electrons actually available to the field per second and 
unit volume. This number may be about 10" times 
larger than the equilibrium concentration, but its in- 
fluence is counteracted by the fact that only a small 
volume (ca. 10~ cm*) is, in general, subjected to the 
breakdown field. Hence it seems that the starting elec- 
trons will normally be made available from external 
sources, as in gases. 

That, in general, an ample electron supply exists, is 
illustrated by two experiments. When the concentration 
of electrons trapped in F-centers is raised to 10'* by 
strong irradiation with X or cathode rays, the break- 
down strength of such colored crystals, in the dark, 
remains equal to that of colorless crystals in spite of the 
fact that the concentration of thermally-released con- 
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4 J. H. De Boer, Rec. trav. chim. 56, 301 (1937). 
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ducting electrons must have increased by a factor of at 
least 10‘. Furthermore, when, by illumination of such 
colored crystals, an electronic photo-current of the 
order of the dark current is produced, no instantaneous 
lowering of the breakdown strength results. 

In gases at moderate pressures breakdown occurs 
when a starting electron creates by impact ionization 
an avalanche of such height that it regenerates, with 
certainty, the initiating carrier (Townsend condition), 
At pressures of many atmospheres we find that electrons 
begin to be provided by field emission,f and similarly 
in the alkali halides the electron supply at breakdown 
field strengths seems, in general, so ample that is re- 
generation does not enter into the breakdown condition. 


2. THE BREAKDOWN CRITERION 


To produce breakdown, the conducting electrons 
must be accelerated to impact ionization. When slow, 
these electrons are not free in the usual sense, but are 
surrounded by a halo of counter-charges due to lattice 
polarization.’ The mobility of such slow electrons, 
aptly named “polarons” by Pekar,° is being calculated 
at present by H. B. Callen. 

In order to accelerate the electrons, the external field 
must replace the energy lost by them in excitation 
processes. In gases at lower field strengths the electrons 
are prevented from ionizing effectively by the electronic 
states of the gas molecules which dissipate their energy 
in light emission. In solids like the alkali halides, these 
electronic states have practically disappeared and the 
energy seems to be predominantly lost by the excita- 
tion of lattice vibrations.** 
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Fic. 3. Comparison of theoretical and experimental breakdown 
strength of alkali halides crystals at room temperature. Open 
circles are low energy criterion; black dots are Fréhlich’s high 
energy criterion. 


t From experiments on CO, by D. R. Young, to be published 
elsewhere. 

5 A, von Hippel, J. Chem. Phys. 8, 605 (1940). 

6S. Pekar, J. Phys. U.S.S.R. 10, 341 (1946). 

** There exists an excited electronic state in the alkali halides 
corresponding to the transfer of an electron from halogen to alkali 
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This energy loss, considered as a function of the elec- 
tron energy, traverses a maximum because very slow 
electrons have insufficient energy and fast electrons 
insufficient time for such excitation. Consequently, the 
external field balancing this loss traverses also a maxi- 
mum; it is this maximum field strength, allowing the 
acceleration of electrons of any energy, which we have 
identified with the breakdown strength of these crys- 
tals.’ The slow secondaries produced by the primary 
electrons may be speeded up immediately, whereupon 
destructive avalanche formation results. Because the 
maximum of the vibration barrier is traversed when the 
electrons are still slow (ca. 0.1 to 0.2 ev), this breakdown 
condition may be called the “low energy criterion.” 

An alternative “high energy criterion,” based on the 
same vibration barrier, has been proposed by Frdlich® 
who postulates that the breakdown field strength corre- 
sponds to a field just capable of accelerating the elec- 
trons which have already acquired ionizing velocities 
(Fig. 1). Frélich assumes that the barrier is practically 
transparent, hence the conducting electrons will reach 
ionizing velocities by favorable impact with the pho- 
nons of the lattice; the crystal survives because of a 
delicate balance between ionization and recombination 
processes. Once this equilibrium is upset by the applied 
field, breakdown occurs. 

Unfortunately, in Frélich’s case, the secondary elec- 
trons formed by impact ionization would have to go 
through the same tortuous acceleration as the primary 
ones, that is, they would have to take the energy from 
the lattice vibrations instead of from the field. Thus the 
concentrated, rapid destruction produced by the ava- 
lanche mechanism of the “low energy criterion” is 
missing. Callen? has therefore recalculated the inter- 
action between electrons and lattice vibrations on the 
basis of both criteria, following, in principle, Frélich’s 
mathematical approach. 


3. CONDUCTING ELECTRONS AND 
LATTICE VIBRATIONS 


The calculation was made under the following simpli- 
fying assumptions. The electron is represented by a 
plane wave in a constant potential field, propagating, 
without scattering, through a perfect periodic lattice; 
scattering results from the disturbance of this peri- 
odicity by thermal vibrations. Of these vibrations only 
the longitudinal optical modes are strongly coupled to 
the electron, as Fréhlich and Mott! first pointed out. 
They cause a deviation from the normal charge density 
by a bunching of the positive and negative ions (Fig. 2), 


ion (see R. Hilsch and R. W. Pohl, Zeits. f. Physik 59, 812 (1930)). 
Lying near the ionization limit, its effect has so far not been 
discerned. 

7 A. von Hippel, Zeits. f. Physik 75, 145 (1932); Zeits. f. Elec- 
trochemie 39, 506 (1933). 

8 H. Fréhlich, Proc. Roy. Soc. (London) A160, 230 (1937). 

°H. B. Callen, Technical Report XIII, Laboratory for Insula- 
tion Research, October, 1948. 

10H. Fréhlich and N. F. Mott, Proc. Roy. Soc. (London) A171, 
496 (1939). 
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TABLE I. Dielectric strength of KBr for various 
electrodes and treatments. 



































Dielectric Maximum 
strength spread 
Treatment megavolts/cm megavolts/cm 
' oo None 0.38 0.33-0.46 
2 tt None 0.88 0.75-1.1 
a Heated t 
3 eated to 
a 0.54 0.50-0.58 
Heated to 
. 375°C in vac. 0.55 0.50-0.65 
Heated to 
375°C in vac. 0.54 0.45-0.65 
4 None 0.84 0.71-0.98 
Stored in moist 
5 cS atmosphere for 0.79 0.56-1.1 
2 days 




















which leads to a polar perturbing potential. Ascribing 
the same amplitude to all optical modes and a frequency 
equal to the maximum optical frequency of the longi- 
tudinal modes, and assuming spherical symmetry of the 
wave-vector lattice, Callen obtained the breakdown 
field strengths of the alkali halides according to the 
“low energy criterion.” They are compared in Fig. 3 
with the experimental values. 

In the same figure are shown the breakdown values 
predicted by the “high energy criterion.” To produce 
the best possible agreement between theory and experi- 
ment in this case, Callen followed Frohlich in setting the 
frequency of the vibration modes equal to the reststrahl 
frequency, the ionization energy equal to the first 
excitation, and including the longitudinal acoustical 
modes on equal footing with the optical modes in the 
perturbation calculation. In spite of this, the break- 
down strengths predicted by the “high energy criterion” 
fall appreciably below the actual values. On the other 
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Fic. 6. Electrode arrangements for measuring the polarity effect. 


hand, the breakdown values obtained with the “low 
energy criterion” are appreciably higher than those 
observed. 

Notwithstanding other uncertainties in the present 
theory, such as the use of a perturbation method be- 
yond its legitimate range of application,’ there are 
reasons why the calculated values should fall too high. 
The theory assumes a completely ionic structure, while 
actually the heteropolar character of the crystals de- 
creases rapidly with increasing ion sizes. Hence the 
polar disturbing potential, and with it the coupling 
between electron and lattice, has been overestimated. 
Furthermore the “low energy criterion” should not be 
read as identifying the extreme maximum of the vibra- 
tion barrier with the breakdown strength. The second- 
ary electrons are receiving already some kinetic energy 
from the ionizing electrons, and the primary electrons 
have a good chance to take over some vibration quanta 
from the lattice, hence the criterion may be satisfied 
by a field strength somewhat below the maximum. 
However, this uncertainty due to initial electron ve- 
locities may not be appreciable, because, as Callen 
shows,° the barrier is relatively flat near its maximum. 

Seitz," on the other hand, has recently calculated the 
barrier due to non-polar lattice vibrations and finds 
that it has a maximum at appreciably higher energies, 
and a magnitude which cannot be neglected. Thus, one 
should not expect close agreement with any theoretical 
calculation at the present stage of our knowledge, espe- 
cially since a number of complicating experimental 
phenomena enter the picture also. 


4, ELECTRODE EFFECTS 


Our earlier experiments were, in general, carried out 
with thin crystal plates that were clamped with light 
spring pressure between properly rounded and highly 
polished metal electrodes (lately, ball bearings). A 
dielectric guard ring of wax or a plastic of the proper 
dielectric constant was built around the contact area 
(Fig. 4) and the sample holder placed in a pressure 
bomb under 50 to 100 atmospheres of nitrogen to avoid 
edge breakdown. Microscopic inspection made certain 
that the breakdown had taken place in the center of the 
electrode area. 

To produce a more definite contact and to vary the 
electrode metal at will, we adopted the use of evapo- 


11 F, Seitz, Phys. Rev. 75, 1283 (1949). 
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rated electrodes. Edge breakdown was avoided by 
hollowing the crystal on one or both sides by evapora- 
tion, lapping or grinding (Fig. 5). It now became ap- 
parent that the various possible electrode combina- 
tions had a distinct influence on the breakdown strength 
of the material. Table I summarizes the situation for 
KBr. In the pressure bomb the ball-bearing electrodes 
without the dielectric guard ring gave edge breakdown 
as expected and a low dielectric strength (1). The guard 
ring increased the breakdown strength about 230 per- 
cent (2). Evaporated gold or liquid mercury electrodes, 
had the effect of lowering the breakdown strength from 
about 0.85 to 0.55 10° v/cm (3). If cavity electrodes 
filled with saturated KBr solution were used, the di- 
electric strength increased again to about that observed 
with the ball-bearing electrodes (4). A similar increase 
was observed when crystals, after evaporation, were 
stored for two days in a moist atmosphere (5). 

Consequently one may cite a d.c. breakdown strength 
0.55 to 0.85 10° v/cm for KBr at room temperature, 
and similarly for NaCl 1.35 to 1.6510® v/cm, de- 
pending on the electrodes and the pretreatment chosen. 

By observing the effect of polarity on the breakdown 
strength in an arrangement employing one metal and 
one liquid electrode, we found that the low value re- 
sults when the evaporated metal electrode is the cath- 
ode, while the high breakdown strength is obtained with 
the solution electrode as the cathode (Fig. 6). Field 
emission is only possible from a metal cathode; the 
likelihood of its occurrence will depend on the intimacy 
of the contact between metal and crystal. Hence the 
data of Table I and Fig. 6 seem to bear out the assump- 
tion that field emission is the cause of the lowered 
breakdown strength and that the scatter in the break- 
down values of solids is partly due to the uncertainty 
in the onset of this emission. 

Our experiments on colored crystals (see Section 1) 
indicate that electrons are available for producing 
breakdown, but that it occurs only when the proper 
field strength has been reached. The effect of the field 
emission, therefore, may be to create this critical gradi- 
ent earlier by field distortion. A copious electron supply 
at the cathode produces a negative space charge and 
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Breakdown strength of KBr as function of temperature. 
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thus raises the field strength in the anodic part of the 
crystal until the transport velocity of the charges 
reaches a balance with the supply. 


5. TEMPERATURE DEPENDENCE 


We previously established that the d.c. breakdown 
strength of the alkali halides increases with rising tem- 
perature to a maximum not far above room tempera- 
ture and then falls.” Malmléw," investigating the 
breakdown strength of mica and KBr with d.c. and 
a.c., believes that he found temperature independence 
of the breakdown strength at 50 cycles/sec. (Fig. 7), 
and concludes that the d.c. temperature dependence is 
due to polarization. Seitz and Malméw" have based an 
“exciton” theory of breakdown on this finding. 

A careful recheck with d.c. and a.c., using the cavity 
electrodes, confirmed our previous results; identical 
values were obtained for d.c. and 60 cycle a.c. voltage 
(Fig. 8). We believe that Malmléw’s results, as their 
wide scattering indicates, were affected by edge effects 
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that are difficult to avoid at a.c. if pressed-on electrodes 
are used. The change-over to cavity electrodes, while 
not altering the general trend of the temperature de- 
pendence, varies the shape of the characteristics appre- 
ciably. Figure 9 shows the corresponding situation in 
the case of NaCl. 

The present theory of the interaction between elec- 
trons and lattice vibrations predicts only an increase 
of the breakdown strength with rising temperature 
(Fig. 10).° That the breakdown strength remains finite 
at 0°K according to this perturbation theory, is due to 
the zero-point vibrations. 

It is not possible to discount the falling trend of the 
breakdown characteristic at higher temperature by 
assuming a change-over in the mechanism to thermal 
breakdown. The crystals under discussion have a heat 
conductivity approximating that of iron; the thin 

2 R. C. Buehl and A. von Hippel, Phys. Rev. 56, 941 (1939); 
A. von Hippel and G. M. Lee, Phys. Rev. 59, 824 (1941); A. E. 
Austen and W. Hackett, Nature 143, 637 (1939). 


3G, Malmléw, Arkiv. f. Mat., Astr. o. Fys. 30B, 1 (1944). 
4G, Malmléw and F. Seitz, Phys. Rev. 71, 125 (1947). 
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samples should therefore not be destroyed by local 
melting in the early phases of the process. The break- 
down is abrupt, as before, and the breakdown paths 
are oriented in crystallographic directions. Hence, 
either the coupling strength between electron and lat- 
tice changes with increasing temperature in a way not 
yet foreseen by the theory, or some parameter, such as 
the field distribution across the crystal, varies with 
temperature. To discern this situation more clearly, 
the breakdown strength of KBr and NaCl was investi- 
gated with impulse voltages of increasing steepness. 


6. IMPULSE BREAKDOWN 


The impulse equipment for producing and recording 
transients of rise times between 10~* and 10-* sec. was 
developed by D. R. Young and has been described 
elsewhere.!® 

A preliminary survey for KBr at room temperature 
showed that the static breakdown value is obtained as 
long as the linearly-rising transient reaches the break- 
down field in times 210- sec. At shorter rise times the 
breakdown strength first drops slightly with a minimum 
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15D, R. Young, Technical Report XIV, Laboratory for Insula- 
tion Research, December, 1948. 
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Fic. 11. Dielectric strength of KBr vs. rate of rise of applied field. 


near 10~ sec. and then rises again, exceeding at 2X 10-° 
sec. the static value by about 50 percent!® (Fig. 11). 
When a d.c. voltage of about 90 percent of the expected 
breakdown strength was applied and followed immedi- 
ately by a fast-rising transient in the minimum region, 
the breakdown strength was increased above the static 
value and the maximum scatter of the breakdown value 
in successive experiments was reduced from about +10 
to +2 percent. 

Next the electric strength was investigated as a 
function of temperature with transients rising to break- 
down in 10-*, 10~* and 10~* sec. respectively (Fig. 12). 
A more complex situation appears: the 10-* and 10~ 
sec. characteristics, nearly indistinguishable in the 
lower temperature region, intersect the d.c. curve near 
160°C. They then fall more steeply towards room tem- 
perature and flatten out below 0°C; above 200°C they 
diverge, the 10~ sec. curve dipping more steeply as the 
temperature is raised. The 10~ sec. transients produce 
higher breakdown values and a characteristic that rises 
nearly linearly with temperature. 

This involved situation may result from three effects 
which superpose their temperature dependence on the 
predicted characteristic (see Fig. 10) and thus blur the 
effect of the thermal scattering of the electrons by 
lattice vibrations. The macroscopic breakdown strength 
is reduced by field emission, which causes a negative 
space charge near the cathode and raises the field 
strength towards the anode (see Section 4). Similarly, 
the breakdown voltage will be lowered by the migration 
of positive ions which are mobilized with increasing 
temperature, to form a positive space charge and raise 
the field strength in front of the cathode (Fig. 13). At 
low temperatures the negative, and at high tempera- 
tures the positive, space charge will dominate the situa- 
tion, in both cases depressing the macroscopic break- 
down voltage, while in an intermediate region the 
combination of both effects may give a relatively undis- 
torted breakdown field. With increasing transient speed 
the positive space charge has less and less time to de- 
velop, hence the steep fall of the macroscopic breakdown 
a o at high temperatures tends to disappear (see 
Fig. 12). 
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Fic. 12. Average breakdown strength of KBr 
as function of rise time. 


Not only these space charge effects, but also the 
onset of the field emission, are time- and temperature- 
dependent. This one can see directly by observing the 
migration of electron clouds into crystals at higher 
temperatures.'* Electron emission tends to set in after 
a formative period during which a surface layer of 
alkali metal appears to activate the cathode. Hence, 
for very fast transients at low temperature, the negative 
space charge may not have time to develop and the 
breakdown strength rises towards that observed for 
electrodes without field emission (see Figs. 8 and 12, 
and Section 4). 


7. EFFECTS OF ILLUMINATION 


The coloration of crystals by F-centers has no marked 
effect on the breakdown strength in the dark as men- 
tioned above (Section 1), but strong illumination of such 
colored crystals or intense irradiation of uncolored 
crystals with x-rays (Fig. 14) during the breakdown 
experiment lowers the d.c. breakdown strength appreci- 
ably. This influence diminishes for transient voltages 
of increasing speed and disappeared in our experiment 
for breakdown times < 1075 sec. 

This phenomenon is closely connected with the space 
charge effects discussed in the previous section. II- 
lumination in a strong field produces a positive space 
charge due to the emigration of electrons. The building- 
up of this space charge can be directly observed by 
current-time characteristics. Figure 15 gives one ex- 
ample. In consequence, the field gradient near the 
cathode increases and the breakdown voltage is lowered. 

A more detailed investigation of the space charge 
effects is in progress. 
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Fic. 13. Schematic view of field distortion. 


16 A. von Hippel, Zeits. f. Physik 98, 580 (1936). 
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Fic. 14. D.c. breakdown strength of KBr crystals as 
function of x-ray exposure rate. 


8. DIRECTIONAL BREAKDOWN 


The breakdown in single crystals follows paths which 
are oriented in distinct crystallographic directions.!” 
The possible directions are determined by the macro- 
scopic crystal symmetry ; the directions actually chosen 
depend, in addition, on temperature, voltage rise and 
crystal orientation.'* The breakdown strength of the 
alkali halides seems to be independent of their orienta- 
tion in the field.’ 

This independence of the breakdown strength from 
orientation is consistent with the “low energy criterion” 
(see Section 2). If the breakdown field strength deter- 
mines the field, allowing the acceleration of very slow 
electrons, one should not expect much structure sensi- 
tivity, because the wave-length is long in comparison 
to the periodicity distance of the lattice and the elec- 
tron interacts mainly with the long, isotropic virbations 
of the lattice. ; 

In the later stages of acceleration the electrons, how- 
ever, are bound to be affected by the crystal structure. 
The wave-length shrinks and electron diffraction be- 
comes possible.? Simultaneously the electron begins to 
collide preferentially with the directed vibrations at 
the boundary of the Brillouin zones, and direction scat- 
tering may result because of the directed momentum 
transfer.’ In both cases the same macroscopic symmetry 
relations are involved that govern the propagation of 
waves through periodic structures. Whether the diffrac- 
tion of the electron waves, their interaction with directed 
elastic waves or some yet unknown phenomenon is the 


17L, Inge and A. Walther, Zeits. f. Physik 64, 830 (1930); 71, 
627 (1931); A. von Hippel, Zeits. f. Physik 67, 707 (1931); 68, 
309 (1931) ; 88, 358 (1934) ; J. Lass, Zeits. f. Physik 69, 313 (1931). 

18 J. W. Davisson, Phys. Rev. 70, 685 (1946); 73, 1194 (1948). 

19 A. von Hippel and J. W. Davisson, Phys. Rev. 57, 156 (1940). 
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Fic. 15. Photoelectric current in KBr vs. time for constant 
voltage and illumination. F-band produced by three different x-ray 
exposures. 


primary cause of the directional breakdown has to be 
decided by further experiments. 


9. CRYSTALS AS GEIGER COUNTERS 


Crystal counters at present make use of the fact 
that electrons can be liberated in solids by particle or 
photon bombardment and that these electronic currents 
can be measured directly or amplified as in the well- 
known primary or secondary photo-effects. If the signal 
could be amplified further by impact ionization as in 
the discharge of Geiger counters, much additional sensi- 
tivity could be gained. 

Unfortunately, the prospect for the satisfactory oper- 
ation of such counters does not appear too bright. It is 
true that Haworth and Bozorth,” from a careful 
analysis of the shot effect in glass and mica at high field 
strength, conclude they have measured electron ava- 
lanches below the breakdown strength. In our own ex- 
periments before the war,”! we also found such avalanche 
noise in the alkali halides, were even able to produce it 
by illumination and pointed out the possibility of using 
these crystals as Geiger counters. However, we have so 
far no convincing evidence that these avalanches are 
not surface discharges. According to our present knowl]- 
edge we would expect that an ionic crystal in a homo- 
geneous field breaks down as soon as impact ionization 
sets in. Experiments to clarify this point beyond doubt 
are in progress. 

The authors acknowledge the help of P. F. Ast, 
P. B. Kessel and D. O. Smith in carrying through the 
extensive measurements, and of V. Campbell in pre- 
paring crystal samples. 


20 F, E. Haworth and R. M. Bozorth, Phys. Rev. 39, 845 (1932). 
21 A. von Hippel, Phys. Rev. 54, 1101 (1938). 
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The Production of Mesons by Photons and Electrons* 


HERMAN FESHBACH 
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 


AND 


ME Lvin LAx 
Department of Physics, Syracuse University, Syracuse, New York 


May 9, 1949 


HE recent! laboratory production of 7-mesons by 
electromagnetic means makes a comparison with 
the predictions of various meson theories feasible, per- 
mitting then the discovery of the fundamental proper- 
ties of mesons and the nature of their interaction with 
nuclei. It seems thus appropriate to collect here some 
of the results given in a review paper on this subject 
which we shall submit for publication in the near future. 
We have considered the production of pseudoscalar 
and vector mesons. The nucleon-meson coupling 
energies assumed are (in the non-relativistic limit) 


H,= (4m)}f’ f vn*e0-Vo"y,d7, 
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Fic. 1. Total cross section for production of mesons by photons. 
The photon energy is given in center-of-mass system. Use left 
hand scale for pseudoscalar mesons and that part of the cross 
section for vector meson production proportional to g*. Use the 
right-hand scale for that part of the cross section for vector mesons 
which is proportional to f?. oo=4re*(h/u°)*. To obtain cross section 
multiply ordinate by the appropriate coupling constant, e.g. the 
cross section for production of pseudoscalar mesons at the 
maximum is 0.4409f¥. : 


* Assisted by the Joint Program of the ONR and the AEC. 
? Reported by R. E. Serber, Conference on Theoretical Physics 
at Oldstone. 
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where we have included only the terms which are rele- 
vant when the struck particle is the proton. The units 
used are such that h=1, c=1, wc?=1, u=meson mass. 
The functions y,,*f, are the neutron and proton wave- 
functions, ¢@=pseudoscalar meson wave function, 
(¢,¢0) the vector meson wave-functions, f’, f, g are 
coupling constants. Both strong? and weak coupling 
have been considered and yield results which are in 
substantial agreement. 

The present calculations should give the predictions 
of the theory correctly for photon energies v’< _M where 
v’ is the photon energy in laboratory system and M is 
the nucleon mass. We have therefore included more 
completely (but with some approximations) the effects 
of nucleon recoil which had been neglected in previous 
calculations.** Field reactions have been neglected; 
qualitative estimates indicate that for v’<M, these 
effects will be small. This is verified to some extent by 
the calculations of Hamilton, Heitler, and Peng? of the 
“resistive” part of field reaction according to the 
methods of Heitler and Peng. These authors however 
make the additional assumption that M=o. 

Our results are most easily given graphically. The 
photon energy »v, is the photon energy in the center of 
mass system so that v=v’[1+(2v’/M)]}"}. The differ- 
ential cross sections are all given for the center of mass 
coordinate system. The total cross sections are plotted in 
Fig. 1. The contributions due to the (f’)?, f?, and g’ 
terms are plotted separately. In a Moller-Rosenfeld 
mixture theory f?=(f’)*~0.13, g?=0.05. The most 
noticeable features of these curves are: (1) their similar 
behavior for »~1o~(v?—1)4/v; (2) the relatively slow 
variation of the total cross section for production of 
pseudoscalar mesons, ¢max=0.4400f’ where 


oo=[ (4me?/hc) ((h)/uc) P= 1.5 10-2? cm? 


for 4=300 electron masses; (3) the large and rapid 
increase of cross section for the vector meson. This 
latter is mainly due to the production of longitudinal 
mesons whose cross section for large v increases as v* 


2 J. Schwinger, private communication. 

3 W. Heitler and H. W. Peng, Proc. Roy. Irish Acad. 49A, 101 
(1943); Hamilton, Heitler, and Peng, Phys. Rev. 54, 78 (1943); 
‘we and H. W. Peng, Proc. Roy. Irish Acad. 49A, 197 
a 943) S. Chang, Det. Kgl. Danske Vidensk. Slebskab 19, No. 10 
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while the cross section for transverse meson production 
increases only as In». 

Near threshold, the angular distribution for pro- 
duction of both meson types is spherically symmetrical. 
Of course only the sum of the angular distribution of 
the transverse and longitudinal mesons is spherical. 
Each separately is not so that if an experiment could be 
devised to detect the polarizations of the mesons 
produced (say by subsequent scattering by a coulomb 
field) then even near threshold it might be possible to 
distinguish between meson types:** As the energy of the 
photons increases the angular distribution increasingly 
deviates from spherical in a different manner for each 
meson type. In Fig. 2, we plot angular distributions for 
v= 1.5. Note the minimum in the pseudoscalar curve at 
t~40°. Note the large value of o(0)/o(x)~2.7 for vector 
mesons production whereas for pseudoscalar mesons 
o(0)/o(r)=1.0. These features are accentuated as the 
energy increases. Again the angular distribution of the 
longitudinal and transverse vector mesons taken sepa- 
rately vary a great deal more with angle than the sum. 

These remarks apply to the production of mesons in 
the collision of a photon with a single nucleon, which 
may be realized if the target substance is hydrogen. 
However, if heavier nuclei are involved, certain modi- 
fications should occur in the cross sections given above. 
The threshold energy is lowered inasmuch as a nucleus 
requires less energy than a proton to absorb a given 
amount of momentum. The behavior of the cross section 
near threshold has been given by D. ter Haar,’ who 
finds o~(v—1)5. At energies sufficiently far above the 
threshold, the cross section approaches Z (cross section 
for a single proton). The coherent contribution in this 
region has been investigated and found to be of order 1 
(rather than Z?). This is in virtue of the essential change 
of character of the struck nucleus upon emission of a 
charged meson. 

An important special case in which the target nucleus 
is a deuteron has been investigated. The conclusions 
drawn in the preceding paragraph have been verified. 
It is found that the energy region for which o~(v—1)*? 
is small, O(1/M), the cross section taking on a (v—1)*/ 
dependence subsequently. This will be true for all 
nuclei. The free proton cross-section dependence does 
not exhibit itself till »~1.5. There is in addition a 
special feature of the deuteron case because the final 
nucleus consists of two neutrons. The Pauli exclusion 
principle requires that the singlet state of the system 
have even space dependence while the triplet state 
must have odd space dependence. Transitions to the 
singlet state are possible for the pseudoscalar and 
vector meson cases. However only that part of the 


** Note the angular distribution for scalar mesons is sin*# 
near threshold and the energy dependence of total cross section is 
(v’—1)!. See L. W. Nordheim and G. Nordheim, Phys. Rev. 54, 
254 (1938). 
5D. ter Haar, Science 108, 57 (1948). 
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Fic. 2. Angular distribution for production of mesons by 
photons. The scale is arbitrarily chosen for each type if inter- 
action. The total integrated cross sections for each meson type 
may be obtained from Fig. 1. 


interaction which will change the spin of the nucleon 
will operate, leading to a numerical reduction of the 
cross section from the free-proton value. 

Finally, the production of mesons by electrons has 
been calculated by the Weiszacker and Williams® 
method. The method may be easily applied to the 
production of pseudoscalar mesons, regarding the 
struck nucleon as being infinitely heavy. For production 
of vector mesons the rapid increase of the cross section 
for production by photons with increasing photon 
energy make the close collisions between electron and 
nucleon important. The Weiszacker and Williams 
method in its usual form is then inapplicable and must 
be suitably modified.? We then obtain a lower bound 
to the cross section which increases logarithmically with 
electron energy for pseudoscalar meson production, 
while for the vector meson, the energy dependence is 
considerably stronger than quadratic. In addition, the 
magnitude of the cross section for electron production 
of mesons is reduced relative to the cross section for 
photon production by the factor 2e?/m~1/215. 


6C. F. v. Weiszacker, Zeits. f. Physik 88, 612 (1934); E. J. 
Williams, Det. Kgl. Danske Vidensk. Selbskab 13, No. 4 (1935). 
See also G. C. Wick, Ricerca Scientifica Jan. 1940, p. 49. 
7M. Lax and H. Feshbach, Phys. Rev. 73, 1271A (1948). 
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Distribution in Mass and Charge of Fission 
Products* 


K. H. KINGDON 
General Electric Knolls Atomic Power Laboratory, Schenectady, New York 
May 16, 1949 


T is not well understood why the fission products are divided 
into two distinct mass groups separated by a marked minimum. 
This note makes a suggestion concerning this problem. 

When a nucleus of U”* picks up a slow neutron it may become 
so distorted that ultimately it separates into two major fragments. 
It is reasonable to assume that this fission will occur in such a way 
as to produce fragments having the greatest ability to bind the 
excess neutrons which were present in the parent distorted 
nucleus. The ability of a nucleus to bind neutrons may be mea- 
sured by (A—Z)/Z, so that isotopes of stable elements having 
particularly high values of (A—Z)/Z may be expected to be 
prominent among the fission products. This hypothesis affords no 
criterion of the possibility of fission, but merely attempts to tell 
what the fragments will be if fission does occur. 

A tabulation was made of values of (A—Z)/Z for elements with 
Z lying between 10 and 80. The mass numbers used were the 
average mass numbers taken from Mattauch’s Nuclear Physics 
Tables, and thus account was taken of the relative abundance of 
the various isotopes. These data are plotted in Fig. 1 (circles for 
even Z and crosses for odd), and it is seen that the values of 
(A—Z)/Z for odd Z in the central region lie systematically below 
the values for even Z, corresponding to the systematic difference 
between even and odd nuclei. This difference is much more 
marked if the plot is made for stable isotopes of maximum A for 
each Z. According to the above hypothesis it would be expected 
therefore that all the initial fission products would be of even Z. 
This may well be the case, because it is probable that many of the 
initial fission products have not been listed yet on account of 
their short half-lives. Assuming then that the initial fission 
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Fic. 1. Plot of (A —Z)/Z as a function of Z. The circles are 
for even Z; crosses for odd Z. 















70 60 





10 30 40 Z 50 60 





20 





Fic. 2. Plot of (A1—Z1)/Z1+(A2—Z2)/Zs as a function of Z, 
where Z1+2Z: equals 92. 


products are all of even Z, the probabilities of forming various 
pairs of initial products may be found by taking pairs of com- 
plementary values of Z, (Zi: +2Z2=92), and adding together the 
corresponding values of (A—Z)/Z. These values are plotted in 
Fig. 2. A similar curve for initial fragments of odd Z is shown 
dotted in Fig. 2, and it is clear that fragments of odd Z are less 
likely to be formed than those of even Z in the central region of 
the figure. The scale of ordinates in Fig. 2 is presumably approxi- 
mately exponential as regards percentages of the various frag- 
ments formed. 

The central part of the curve of Fig. 2 is strikingly similar to 
the well-known! curve showing percentage of fission products as a 
function of mass number. The change of abscissa from Z to A and 
the formation of various isotopes may well change the shape of 
Fig. 2 to that shown in the A curve. 

The location of Fig. 2 on the Z axis is in reasonable agreement 
with the A curve. Figure 2 shows the central minimum at Z=46, 
which matches the minimum at 117 of the A curve fairly well. 
On the two wings of the A curve, abundances equal to the central 
minimum are reached at A=77 and 157, while on Fig. 2 the cor- 
responding values of Z are about 32 and 60, in fair correspondence. 

Figure 2 departs from the mass number curve of reference 1 in 
suggesting an appreciable possibility of fission into a very light 
and a very heavy fragment, especially for argon and tungsten. 

The occurrence of the deep minimum in Fig. 2 implies that the 
incipient fission fragments have time to sort themselves out into 
the most stable possible pairs. If the fission act occurs so rapidly 
that complete “sorting” is not possible, the central minimum will 
be higher. This is presumably the cause of the less deep central 
minimum in fission by fast neutrons. 

* Based on Knolls Atomic Power Laboratory Report jA-4271 dated 


September 8, 1947. 
1J. Am. Chem. Soc. 68, 2411 (1946), see p. 2437. 








Microwave Rotational Spectra and Structures of 
GeH;Cl, SiH;Cl, and CH;Cl* 


B. P. Daley, J. M. Mays, AnD C. H. TOWNES 
Columbia University, New York, New York 
May 23, 1949 


URE rotational spectra due to the J=2-+3 transition of all 
ten isotopic combinations of Ge?*, Ge”, Ge?3, Ge”, Ge”®, and 

Cl® and Cl? in GeH;Cl have been observed. In addition, pre- 
viously unreported lines corresponding to the J= 1-2 transition 
of the rarer isotopic species of chlorosilane, Si?%H3CI*, Si?®H3Cl*’, 
and Si*H;Cl® and the J=0—1 transition of C¥H;Cl® and 
CH;Cl*” have been found. Rotational constants obtained from 


those lines that have been measured accurately are contained in 
Table I. 


136 























ae a a a 


949 


ous 
m- 
the 





LETTERS 


TABLE I. Rotational constants for XH:Cl molecules. 











Molecule Bo (mc/sec.) 
C#2H3C13 13,292.89 
cnc He 
12, Ma 
CuH Ch? 12,590.0 
Si28H 3C15 6673.8> 
Si?8H3C}37 6512.4> 
Si99H 3CI5 6485.8 
Ge7°H3C1% 4401.71 
Ge™%4H;3Cl% 4333.91 
Ge™H;Cl37 4177.90 
Ge76H 3Cl3? 4146.5 








® See reference 1. 
b See reference 2. 


The new data obtained combined with those of Gordy ef al. 
and Sharbaugh? allow the molecular structures of methyl chloride, 
chlorosilane, and chlorogermane to be determined completely 
using only accurate microwave measurements. The structural 
parameters obtained are assembled in Table II. The structures of 
CH;Cl and SiH;Cl differ to some extent from earlier values based 
partially on infra-red data and on the Si—H distance in silane. 
The new H—Si—H angle is 110°57’ instead of 103°57’, which is 
a less drastic change from the tetrahedral angle (109°28’) and in 
close agreement with corresponding angles in CH;Cl and GeH;Cl. 
No corrections for the effect of zero-point vibration on bond 
distance and angles have been made. Maximum errors which 
zero-point vibrations are likely to produce are 0.01A in the X-H 
distance, 0.003A in the X—Cl distance, and 30’ in the HXH angle. 

Hyperfine structure due to the chlorine nuclei is present in 
GeH;Cl. The quadrupole coupling constant for Cl*’ in this 
molecule is given in Table IT. 

Dipole moments of SiH;Cl and GeH;Cl have been obtained by 
measurement of Stark displacement as a function of field strength 
and are also listed in Table II. 

The shortening of the Si—Cl and Ge—Cl bonds, the con- 
siderably smaller Cl quadrupole coupling in SiH;Cl and GeH;Cl 
than in CH;Cl, as well as the irregular progression of dipole 
moments indicate clearly that the Si and Ge compounds involve 
importantly some electronic structure which does not occur in 
CH;Cl. This structure is very probably of the type H3Si-=Cl*, 
involving use of a d orbital to form five Si bonds and a doubly 
bonded Cl. The d orbitals are of course not available in C. The 
occurence of structures of this type in molecules involving the 
heavier elements has been discussed by Pauling® and suggested 
by Gilliam e¢ al.‘ as an explanation for the small SiH3Cl dipole 
moment and the H—Si—H angle of 103°57’ reported by 
Sharbaugh? 

A rather satisfactory semiquantitative correlation of the data 
of Table II can in fact be obtained by assigning 20 percent ionic 


TABLE II. Structural data for XHsCl Molecules. 











Molecule CH:;Cl SiH;Cl GeH:Cl 

Dipole moment (Debye units) 

Microwave value 1.888 1.31 2.13 

Previous value 1.86  _ 1.28¢ 2.03¢ 
X-Cl distance (angstroms) 

Measured value 1.781 2.048 2.147 

Sum of single bond radii 1.76 2.16 2.21 
H —X distance (angstroms) 

Measured value 1.12 1.50 1.52 
Sum of single bonded radii 1.07 1.47 1.52 
HXH angle 110°50’ = 110°57’ 111°4’ 

Quadrupole coupling const. egQ for 
Cl? (mc/sec.) —59.03> —30d —34 








* R. Karplus and A. H. Sharbaugh, Phys. Rev. 75, 1449 (1949); R. G. 
Shulman, private communication. 
b See reference 1. 
¢L. O. Brockway and I. E. Coop, Trans. Faraday Soc. 34, 1429 (1938). 
4 See reference 2. 
¢ Smyth, Grossman, and Ginsburg, J. Am. Chem. Soc. 62, 192 (1940). 
' 
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character to the C—Cl bond, 40 percent ionic and 30 percent 
double bond character to the Si— Cl bond, and 45 percent ionic 
and 15 percent double bond character to the Ge—C1 bond. These 
numbers fit the quadrupole coupling constants,’ X— Cl distances, 
and dipole moments, as well as agreeing with the general prin- 
ciples of dependence of ionic character on electronegatively dif- 
ferences and the tendency for the lighter elements to form double 
bonds more easily than their heavier congeners. 

Hyperfine structure caused by a Ge” nuclear quadrupole 
coupling in the molecule GeH;Cl has been observed. Although 
this hyperfine structure is not yet completely analyzed, it is clear 
that the quadrupole coupling constant is large. This is very good 
evidence for ionic character of the Ge—Cl bond, since other 
electronic structures suggested for this bond would give only a 
very small quadrupole coupling to the germanium nucleus. 

Studies of other halogen derivatives of silane and germanium 
as well as further examination of possible hyperfine structure due 
to Ge and Si nuclei are being undertaken. 

* Work supported jointly by the Signal Corps and the ONR. 

(94 8) Gordy, J. W. Simmons, and A, G. Smith, Phys. Rev. 74, 243 
A. H. Sharbaugh, Phys. Rev. 74, 1870 (1948). 

iL C. Pauling, The Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New ta 1940), second edition, p. 228. 

40. R. Gilliam, H. D. Edwards, and W. Gordy, Phys. Rev. 75, 1014 


(1949). 
5 Cf. C. H. Townes and B. P. Dailey, J. Chem. Phys. to be published. 





Ferromagnetic Resonance Absorption Magnetite* 


L. R. BicKForD, JR. 


Laboratory for Insulation Research, Massachusetts Institute 
of Technology, Cambridge, Massachusetts 


May 9, 1949 


HE previously reported! results of ferromagnetic resonance 

absorption experiments on natural single crystals of mag- 

netite have been substantially confirmed with synthetic single 
crystals in both the 3 cm and 1 cm wave-length regions. 

The experiments were made with thin circular disks cut from 
the (100) crystal plane. For the purpose of calculating demag- 
netizing effects, they were regarded as oblate spheroids. The disks, 
one side of which had been copper-plated, were soldered to a rota- 
table portion of the wall of a rectangular resonant cavity. This 
allowed a change in the orientation of the crystal axes with respect 
to the applied d.c. magnetic field. From two measurements of the 
resonance magnetic field, one with the [100] and the other with 
the [110] crystal direction parallel to the field, one can calculate 
the first order anisotropy constant K, and the g-factor by means 
of Kittel’s equations.? In order to allow measurements to be made 
at low temperatures, the cavity was thermally insulated from the 
rest of the wave-guide system. 

Table I gives typical experimental results. Figure 1 shows values 
of g and K;, calculated from these results. These values are esti- 


TABLE I. Experimental results for synthetic magnetite single crystal. 














Satu- 
ration 
mag- 
Temper- ___ netiza- Resonance Fre- 
ature tion field (gauss) quency g Ki 
(°C) (c.g.s.) {100} [110] (mc/sec.) factor (ergs/cc) 
Sample diameter: 0.1246”; thickness: 0.0036” 
+20 461 1775 980 8923 2.17 --1.12 K105 
—143 492 1330 1330 8945 2.08 0 
—153 494 1200 1450 8946 2.06 +3.65 K104 
Sample diameter: 0.0705”; thickness: 0.0030” 
+20 461 6300 5680 23957 2.13 —1.11 K105 
—143 492 5850 5850 23986 2.09 0 


















































218 a ae CTT eT eT T * 
ae 
216 |—- at" 4 
ae 

214 go hii ° 
se i exe 
= o 
2.12/- —_ 29 

-o 

3 2 ° 
°o 7 © 3.3 CM-WAVE-LENGTH onda 
5 210;- = wi 
< Pa @ 1.25 CM-WAVE-LENGTH o 
* 208;—- 9° in bt -) 
° ey 2 
206 - 45 * 

——— 10 

2.04 ANISOTROPY CONSTANT kK, 
‘Oe ee oe ee ee eee ES ee A 





“160 -140. -i20 -I00 -80 -60 -40 -20 ° 20 
TEMPERATURE (*CENTIGRADE ) 


Fic. 1. Anisotropy constant and g-factor for synthetic magnetite single 
crystal as a function of temperature. 


mated to be accurate to within 2 percent, including the probable 
error in values of magnetization. 

Above — 143°C the anisotropy constant is negative, indicating 
that [111] is the direction of easy magnetization, while below 
— 143°, [100] is the direction of easy magnetization. At — 143° 
the resonance magnetic field is independent of orientation, indi- 
cating that the material is magnetically isotropic. 

The initial permeability of magnetite is known to go through a 
maximum near — 140°C. The effects seems to have been attributed 
directly to the second-order phase transition which magnetite 
undergoes in the region of — 160°C. The behavior of the magnetic 
crystal anisotropy makes it seem reasonable that such is not the 
case. The initial permeability should be high when the crystal 
anisotropy is low; therefore a maximum in the initial permeability 
is to be expected near the temperature at which the anisotropy 
goes through zero. Measurements of the initial permeability of the 
same natural crystals of magnetite used in the resonance experi- 
ments showed the maximum to be at — 146°C, which is within a 
few degrees of the anisotropy point. It is also interesting to note 
that the anisotropy point occurs at the same temperature for both 
natural and synthetic crystals, whereas the transition occurs 10°C 
higher for the synthetic crystal than for the natural. 

Published results of the measurement of magnetite’s anisotropy 
constant by other methods are not abundant. The room tem- 
perature value obtained from the resonance experiments agrees 
reasonably well with a value of —1X10° erg/cc given by Snoek.* 
Li® published some torque curves for magnetite at — 155°C. He 
apparently failed to notice that these curves showed the direction 
of easy magnetization to be different from what it is at room tem- 
perature. On the basis of measurements of magnetization in weak 
fields, Okamura and Ogawa‘* concluded that the direction of easy 
magnetization changes near — 100°C. 

The writer has reported! previously that the resonance absorp- 
tion at 3.3 cm wave-length disappears below the transition. It has 
now been found that at 1.25 cm the resonance appears below the 
transition, shifted to appreciably lower field strengths. This effect 
is being studied in detail. 

The synthetic single crystals used in these experiments were 
grown by J. Smiltens and D. H. Fryklund of this laboratory. The 
mol ratic of FeO to Fe2O; was found by Smiltens to be 1:0.998. 
Values of saturation magnetization used in the calculations were 
obtained by C. Domenicali from pendulum magnetometer 
measurements. 

ieee re ' 
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1L. R. Bickford, Jr., Phys. Rev. 75, 1298 (1949). 

2C. Kittel, Phys. Rev. 73, 155 (1948). 

3 Snoek, New Developments in Ferromagnetic Materials (Elsevier, 
Amsterdam, 1947), p. 25. 

4 Reference 3, page 21. 

5C. H. Li, Phys. Rev. 40, 1002 (1932). 


‘ oi} Okamura and S. Ogawa, Proc. Physico-Math Soc. Japan, 23, 363 
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On the Sign of the Electric Quadrupole 
Moment of Li’ 


P. KuscH 
Columbia University, New York, New York 
May 16, 1949 


HIS note presents data which show that the nuclear electric 
quadrupole moment of Li’ is positive. The result is entirely 
unexpected on the basis of all nuclear models which have been 
proposed and which predict a negative electric quadrupole 
moment for Li’. 

The present experiments determine the sign of the coupling 
energy of the quadrupole moment of a nucleus with the gradient 
of the electric field produced at that nucleus by the electrons and 
the other nucleus in certain diatomic molecules. The sign of the 
quadrupole moment is then derived from experimental results by 
a theoretical calculation of the gradient of the electric field. While 
exact wave functions for molecules containing Li are not, of 
course, available, the calculation nevertheless leads to a positive 
sign for the quadrupole moment of Li’ without ambiguity. 

The lines observed in the molecular beam magnetic resonance 
method which result from the re-orientation of the nucleus within 
a diatomic molecule in an applied magnetic field are complex 
spectra consisting of a large number of closely spaced lines arising 
in the rotational states J, m ;. From an observation of the structure 
of the pattern it is possible! in some cases, to determine the mag- 
nitude of the interaction energy of the nuclear electric quadrupole 
moment with the gradient of the electric field at the nucleus. If 
the nuclear spin is 3, the line Am;= +1 exhibits three maxima cor- 
responding to the three possible transitions. At sufficiently high 
magnetic fields the central maxima (1/2, —1/2) occurs at the 
frequency gzuoH/h and the two satellite maxima (3/2, 1/2) and 
(—1/2, —3/2), are symmetrically disposed about the central line. 
The frequency interval between the two extreme maxima is 
1/2eqQ/h. The general details of the spectrum are the same? in 
heteronuclear and homonuclear molecules. 

It is not possible from an observation of the spectrum alone to 
identify the two satellite maxima in terms of the quantum 
numbers, m7, of the terminal states. To determine the sign of the 
quadrupole interaction it is necessary that this identification be 
made. 

The various diatomic molecules in the beam describe different 
trajectories in the apparatus, depending principally on the mag- 
netic quantum numbers m and m’ of the two nuclei. It is, accord- 
ingly, possible to interpose in the beam an obstacle which will 
predominantly remove molecules of positive m or of negative m 
from the beam which finally reaches the detector. It is possible to 
achieve a complete separation of states of positive and negative 
m only if the second nucleus has a very small g value. The extent 
to which the separation can be achieved in a general case depends 
on the relative values of g and g’. If the obstacle is interposed into 
that portion of the beam in which states of positive m preponderate, 
then the satellite maximum arising from the transition (3/2, 1/2) 
will have its intensity reduced relative to the other maximum. If 
the maxima dre not resolved from the central peak, the center of 
gravity of the pattern will shift in the direction of the line 
(—1/2, —3/2). 

The effect of interposing a wire at an appropriate point along 
the path of the beam has been investigated for the Li? line in Lis 
and LiBr. In each of these two cases the high frequency satellite 
of the central line corresponds to the transition (— 1/2, —3/2). For 
the Na line in Naz and in Nal and for the Cl® line in KCI the 
high frequency satellite corresponds to the transition (3/2, 1/2). 

Feld and Lamb! give as that portion of the energy of the levels 
which depends on the m; of a single nucleus the expression : 


E=migmoH +[eqQ/4J (2J—1)1(2I—1)] 
XBmP—J(J+1)]x3m?—-1(+1)]. 


In all cases under consideration the value of g; is negative since 
the nuclear magnetic moment is positive. The satellite maxima 
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occur for small values of my so that at the maxima 3mj’?—J(J+1) 
is negative. The terms in the energy expression which involve m, 
for those values of m, which give rise to lines near the maxima are 


then: 
E=mz7gimoH — (const.)(egQ)(m/). 


If gr is negative and if w*gQ is positive, then the high frequency 
satellite arises from the transition (3/2, 1/2). If &gQ is nega- 
tive, the high frequency satellite arises from the transition 
(—1/2, —3/2). It follows that gQ for Li’ in Lig and in LiBr is 
negative while gQ for Na in Naz and Nal and for Cl® in KCl is 
positive. 

H. M. Foley* has made a calculation of g for the Liz molecule 
using the Bartlett-Furry wave functions. He finds that g= — 0.0062 
atomic units. From this result Q(Li’) is positive. The actual 
determination of the magnitude of Q is somewhat more difficult 
since the observed line shows no evidence of resolution into three 
peaks. The observed half-widths of the line is 15 10° sec.! and 
if it is assumed that the two satellite peaks determine the half 
width of the line, then Q(Li’) = +2 10° cm’. 

I. I. Rabi‘ has proposed a calculation of g from the known force 
constants of diatomic molecules. He predicts a negative g at each 
nucleus of a diatomic molecule. The result is in agreement with 
the results of the present experiments where it has been found 
that g has the same sign at the Li nucleus in Liz and in LiBr and 
the same sign at the Na nucleus in Naz and in Nal. The negative 
value predicted by Rabi, when applied to the present experi- 
mental results also yields a negative value for Q(CI*). The result 
is in agreement® with the known quadrupole moment of Cl®. 
From these considerations it is found that Q(Na) is negative and 
that Q(Li’) is positive. 

1B. T. Feld and W. E. Lamb, Phys. Rev. 67, 15 (1945). 

2H. M. Foley, Phys. Rev. 71, 747 (1947). 


3 I am indebted to Professor Foley for the results of the calculation made 
= this purpose. A detailed analysis of the calculation will be published by 
im 


4I am indebted to Professor Rabi for several discussions concerning the 
calculation of g. The basis of the indicated calculation will be discussed by 
Professor Rabi in a forthcoming publication. 

5L. Davis, Jr., B. T. Feld, C. W. Zabel and J. R. Zacharias, Phys. Rev. 
73, 525 (1948). 





Relation of Nuclear Quadrupole Moment to 
Nuclear Shell Structure 


WALTER GorDY 
Department of Physics, Duke University, Durham, North Carolina 
May 23, 1949 


S has been pointed out by Mayer,! the exceptional stability 
of nuclei which have proton or neutron numbers of 2, 8, 
20, 50, 82, or 126 suggests the existence of shell structures in 
nuclei. Schemes have been proposed by Nordheim? and by 
Feenberg? for assigning orbital quantum numbers to the last odd 
proton in nuclei. The purpose of the present note is to point out 
the dependence of the nuclear shape—as evidenced by the nuclear 
quadrupole moment*—upon the nuclear shell structure. The rela- 
tionship found provides new evidence for the existence of shell 
structure in nuclei. Evidence is also given for an inter-relation of 
the nuclear magnetic moment to the nuclear quadrupole moment, 
when the nuclei are similar. 

Figure 1 is a plot of nuclear quadrupole moment Q as a function 
of proton number Z. All nuclei with known moments are included 
except those which are spherically symmetric because they have 
spins of zero or }. The available data** suggest the following 
relationships of quadrupole moment to nuclear shell structure. At 
the proton numbers 2, 8, 20, 50, and 82 the quadrupole moment 
is zero or small. When a new shell begins to form the quadrupole 
moment is negative. As the number of protons in the unfilled 
shell is increased, Q becomes positive and increases until it 


TABLE I. Relation of quadrupole to nuclear magnetic moments. 








(u1/u2)(Q1/Qz2) 
when Q is positive 


or 
Sign —_(u2/u1)(Q1/Q2) 





X1/X2 wi/ ps Q1/Q2 of Q when Q is negative 
C135/CI37 1.20 1.28 - 1.07 
Cu%/Cu% 0.94 1 = 1.12 
Ga®/Ga7l 0.79 1.58 + 1.24 
Br79/Br8t 0.93 1.20 + 1.12 
Eu! /Eutss 2.24 0.48 + 1.08 
Re!85/Re!87 0.99 1.08 + 1.07 


Average 1.12 








TABLE II. Some estimated quadrupole moments. 








Q in 10-% cm? 





ine ~1.3 
Cs137 £0.2 
K39 ~ —0.03 
Ka ~—0.02 
Rb? ~0.17 
Sb!21 ~-0.9 
Lal? ~0.2 








reaches a maximum, when the shell is approximately filled. It 
then decreases to zero and changes to a negative sign*** at the 
“magic proton numbers.” 

The above mentioned trends are partly masked by the effects 
of neutron shell structure. The points where a neutron shell is 
completed are indicated on the chart by arrows. It is seen that 
there are minima in the curve at these points. The effects of 
neutron shell structure are shown again in Fig. 2, where ab- 
solute magnitude of quadrupole moment is plotted as a function 
of neutron number. The effect of proton shell structure does not 
show up in this plot, partly because the data are meager and 
partly because the negative Q’s are plotted as positive. 

In an effort to obtain more Q values for comparison I have cor- 
related magnetic moments with quadrupole moments for isotopic 
pairs having the same spins. The results are shown in Table I. 
Other things being equal, the magnetic moment appears to 
decrease in magnitude as the nucleus becomes more elongated 
along the spin axis—i.e., as its quadrupole moment becomes more 
positive (or less negative for flattened nuclei). To show this, the 
quantity (w:/u2)(Qi/Q2) when Q; and Q2 are positive, or 
(u2/u1)(Q1/Q2) when Q; and Q2 are negative, has been listed in 
the last column of Table I. It is seen that this quantity remains 
approximately constant. Here the subscript 2 refers to the heavier 
isotope. The fact that there are no marked differences in the mag- 
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Fic. 1. A plot of nuclear quadrupole moment as a function of the number 
of protons in the nucleus. Q is in units of 10-* cm?. O’s represent nuclei 
with an odd proton. ©’s represent nuclei with an odd neutron. ®’s represent 
quadrupole moments which have not been measured but have been 
estimated by the method described here. 
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Fic. 2. A plot of the magnitude of quadrupole moment as a function of 
the number of neutrons in the nucleus. The units and symbols have the 
same significance as in Fig. 1. 


netic moments of isotopic pairs with spins of $ also supports this 
relation since there is no difference in shape for these pairs. 

The quadrupole moment of In" is estimated as ~1.3X10™*4 
cm? and that of Cs!87 as ~+0.210-* cm? from the relation 
(u1/w2)(Q1/Q2) =1.12, using the parameters of the corresponding 
isotopes In“ and Cs". Correctly or incorrectly, the same relation 
is applied to nuclei of identical spin and orbital momentum, which 
do not have the same atomic number but which have very nearly 
the same number of particles. In this way the quadrupole moments 
of K** and K“* have been estimated from Cl*’, that of Rb’? from 
Br®!, that of Sb” from I”’, and that of La! from Cs'37, The 
values obtained are listed in Table II. Figure 1 can be used to 
obtain similar rough estimates of unknown nuclear moments. 


* A”nucleus with a positive quadrupole moment is elongated along the 
spin axis, and one with a negative quadrupole moment is flattened along 
the spin axis. 

ith few exceptions the measured Q values are those listed by H. H. 
Goldsmith and D. R. Inglis (Brookhaven National Laboratory Report, 
B N L-1-5, Oct. 1, 1948). The Q values for B!° and B4, 0.06 X10-* cm? and 
0.03 X10-*% cm? respectively, are those recently determined by Gordy, 
Ring and Burg (to be published). That for In"5, 1.17 X10-* cm? is the 
value recalculated by B. T. Feld (Nuclear Science Series, National Research 
Council, Preliminary Report No. 2, Sept., 1948). That for Li®, ~0, and 
that for Li’, ~—0.02 X10-* cm?, are from a recent note by P. Kusch 
(Phys. Rev. 75, 887 (1949)). That for 1%, —0.43 X10-* cm?, is from Living- 
ston, Gilliam, and Gordy (to be published). 

In one case, Z =20, the sign becomes negative before the ‘‘magic 
proton number”’ is reached. This anomoly appears to arise from the filling 
of the neutron shell. 

1M. G. Mayer, Phys. Rev. 74, 235 (1948). 

3L. W. Nordheim, Phys. Rev. 75, 1894A (1949). 

8 Eugene Feenberg, Phys. Rev. 75, 320 (1949). 





Yields of Manganese in Spallation Reactions 


NorMAN A. BONNER* AND WILLIAM C, ORR 


Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 


May 11, 1949 


(y= approach previously used in the study of high energy 
spallation reactions involves the bombardment of a single 
target isotope and the determination of the relative yields of many 
products.! In the present work a complementary approach has 
been used: the bombardment of a variety of elements and the 
determination of the yields of two particular product isotopes. 
This method has the advantage that yields can be compared 
more exactly, since the same radiation is always measured. It also 
has the disadvantage that most of the target elements have several 
stable isotopes, so that the reacting nucleus cannot be uniquely 
specified. All of the elements (excepting only rubidium and 
krypton) from atomic number 24 (chromium) to 38 (strontium) 
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were bombarded with 190-Mev deuterons in the 184-inch cyclo- 
tron. The yields of 5.8-day Mn® and 2.59-hr. Mn®® were deter- 
mined. 

After each bombardment the target was dissolved and a known 
amount of inactive manganese was added, together with carriers 
for the other elements possibly produced. The manganese was 
separated chemically and the decay of its activity was followed, 
The chemical procedures used were varied depending on the 
target element, more complicated procedures being required for 
those far from manganese because of the low yields. The purest 
available materials (usually Hilger’s “spectroscopically pure” 
grade) were used for targets. 

In order to compare the yields from one bombardment with 
those from another, a monitor target was included in each experi- 
ment. A piece of 10 mil copper foil cut to the exact shape and area 
of the target was placed immediately behind the target during 
exposure to the deuteron beam. Since all targets used were thin, 
it was assumed that each copper monitor foil received the same 
irradiation as the accompanying target. The yield of Cu® in the 
monitor was taken to be a measure of the relative intensity of the 
deuteron beam. 

The measured activities were corrected to infinite bombardment 
time and 100 percent chemical yield. In addition, the counting 
efficiency of Mn was assumed to be 40 percent relative to that 
of Mn** and corrected accordingly. (Mn® decays 35 percent by 
positron emission, 65 percent by K capture;? the 40 percent figure 
includes the contribution of electromagnetic radiation to the 
counting rate.) 

The data are presented in Fig. 1. The relative cross section, 2, 
is equal to the corrected manganese activity per mole of target 
element divided by the corrected Cu“ activity per mole of copper 
monitor. The uncertainty attached to each determination is 
indicated by the size of the plotted point. 

It should be noted that the yield of the 21-minute isomer of 
Mn® which decays’ directly to Cr has not been included. The 
total yields of Mn® are therefore somewhat higher than the data 
indicate. 

The absolute cross section corresponding to o=1 is approxi- 
mately 0.03 barn, according to a recent direct determination‘ of 
the cross section for Cu®. 
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_ Fic. 1. Relative cross sections for the production of two manganese 
isotopes by bombardment of various elements with 190-Mev deuterons. 
Points with arrows attached represent upper limits. 
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It is of interest that the fluctuations by which the data deviate 
from smooth curves can be correlated with the distribution of 
stable isotopes present in the natural elements used ‘as targets, 
together with the variations in excitation energy required for 
reaction of the different isotopes. The excitation energies were 
estimated with the assumption that alpha-particles are favored 
over other charged particles in their evaporation from excited 
nuclei, and the agreement obtained affords some support for this 
hypothesis. 

This work was performed under the auspices of the United 
States Atomic Energy Commission. 

* Present address: Department of Chemistry, Washington University, 
St. Louis, Missouri. 

1B. B. Cunningham ¢ al., Phys. Rev. 72, 739 en H. H. Hopkins, 
Jr. and B. B. ey Phys. Rev. 73, 1406 (1948). 

2 W. M. Good, D. Peaslee, and M. Deutsch, Phys. Rev. 69, hoes (1946). 


3R. K. Osborne and M. Deutsch, Phys. Rev. 71, 467 (1947) 
‘R. Batzel, private communication. 





Variation of Meson Intensity with Height 
P. H. BARKER 


Dominion Physical Laboratory, New Zealand 
May 10, 1949 


URING January and February of this year, flights have 

been made with an airborne cosmic ray recorder at Ohakea, 
New Zealand (magnetic latitude 45°S). The array used in these 
experiments is essentially similar to that of Bhabha ef a/.! using 
5.25 cm of lead as an absorber. The major difference is in the 
filling of the counters, ether being used as the quenching gas to 
improve the low temperature performance. This equipment was 
mounted in the cannon compartment of a “Mosquito” aircraft 
and on the two successful flights a height of 30,000 feet was 
achieved. Pressure, time, and counts were recorded by a 16 mm 
ciné camera and the records when analyzed gave the results shown 
in Table I. 


(a) 


(b) 





Fic. 1. (a) Mesons penetrating 5.25 cm Pb at Ohakea, New Zealand. 
(b) Mesons penetrating 8 cm Pb in India. 
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TABLE I. Analysis on all data from two flights. 











Height in Pressure in Counts per 
feet mb min. 
30,000 305 7.85 +0.35 
25,000 380 4.85 +0.29 
20,000 465 4.00 +0.25 
15,000 575 2.57 +0.29 
10,000 695 1.45+0.18 
5,000 845 1.10+0.12 








From the relationship between the integral momentum and 
range spectra, it is known that, for heights lying in the range 
represented by pressures between 250 mb and 1000 mb, the 
variation of meson intensity with height can be represented 
adequately on a double logarithmic plot by a straight line with a 
slope of approximately —2. Logarithms of counts per minute and 
pressure in millibars were accordingly taken and a least squares 
fit of a straight line was made to the points. The resultant line 
was found to be: 


logio C.P.M.= = 1.87 logioPmb+ §.53, (1) 


and this is shown in Fig. 1a, together with the observed points. 
A similar procedure was carried out for the data obtained by 
P. S. Gill? for mesons penetrating 8 cm of lead; this equation is: 


logio C.P.M.= —0.96 logioPmb+3.06, (2) 


and this line with its associated points is plotted in Fig. 1b. 
The limits for 1 and 2 times the standard deviation of the ob- 
servations are also shown for both these equations. It will be 
seen that none of the observed points fall outside these limits and 
hence by the criteria suggested by Janossy* we are not able to 
regard any such deviations from the straight line as statistically 
significant. From neither of these experiments, therefore, are we 
entitled to draw any conclusions as to the anomalous production 
of mesons and the present evidence for the existence of the 
anomaly suggested by P. S. Gill, must be regarded as inadequate. 

In a paper by Gill, Schein and Yngve,‘ the change of latitude 
effect of the hard component with height is considered and the 
suggestion made that the null result obtained by Bhabha is due to 
differences between the geometry of the various equipments 
compared. The geometry of the apparatus with which the Ohakea 
results have been obtained is identical with one used by Bhabha 
and so enables a check on this assumption. The following method 
was adopted. Straight lines were fitted by the method of least 
squares to the results obtained by Bhabha and by Gill and Schein. 
In the latter set the points above 250 mb have been omitted as 
these are beyond the region for which linearity can be assumed. 
If we take: 


y= logio C.P.M., 


we obtain the following equations. 


x=logio Pmp, 


y=—1.89x+5.40 India A=3°N (3) Ol 
y=—1.87x+5.53 Ohakea \=45°S (1a) re 
y=—1.08x+3.59 Gill and Schein A\=0° ) AB 
y=—1.10x+3.76 Gill and Schein BA=40°N (5) ‘ 


From the coefficient of x in these equations it will be seen that 
the change of latitude effect with height is very small for either 
pair and it would seem as if the null result obtained by Bhabha 
is correct. These lines however represent only the least squares 
fits for one particular sample and there is no guarantee that if 
further flights were to be made a different slope of line would not 
be obtained. To estimate the probable limits within which the 
change of latitude effect may lie, the appropriate values of the 
standard deviations of the observed points were applied as cor- 
rections to the least square lines at 250 mb and 1000 mb in such a 
way as to minimize the slope of the equatorial line and maximize 
that of the high latitude line. The values so obtained for the 
change of latitude effect with height are O.I.=28 percent, A.B. 
=11 percent. These agree reasonably well and we can therefore 
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say that it is probable that the change of latitude effect with 
height lies between 0 and 11 percent, i.e., if the latitude effect 
at 1000 mb, is x percent then the latitude effect at 250 mb will be 
(x+11) percent. If no change of latitude effect with height is 
assumed then the sea level latitude effect is found to be 41 percent 
for O.I. and 49 percent for A.B. These values do not agree at all 
well with those actually observed at sea level, the maximum value 
found being known to be of the order of 10 percent. It seems there- 
fore that some change of latitude effects with height occurs. An 
unknown absolute difference exists between the data in O.I. due 
to a possible difference in sensitivity, but this should not occur 
for A.B. This difference, however, will not affect the slope of the 
lines obtained. It appears that further work, using equipment 
giving results with a statistical error of <1 for a recording period 
of 60 minutes would be necessary to clarify the situation. 

These experiments have been carried out as part of the research 
program of the Dominion Physical Laboratory with the assistance 
of the R.N.Z.A.F. whose help is gratefully acknowledged. 

1H. J. Bhabha et al., Phys. Rev. 68, 147 (1945). 

2?P.S. Gill, Phys. Rev. 71, 82 (1947). 


3L. Janossy, Cosmic Rays (Oxford University Press), Appendix I. 
4P. S. Gill, M. Schein, and V. Yunge, Phys. Rev. 72, 733 (1947). 





Evidence for the Photo-Fission of Uranium into 
Three Charged Fragments 
E. W. TITTERTON AND F. K. GowarRD 


Atomic Energy Research Establishment, Harwell, Berks, England 
May 9, 1949 


LFORD. type D, plates 100-4 thick have been impregnated 

with a saturated solution of uranium acetate and irradiated 
with 23-Mev y-rays from the A.E.R.E. synchrotron. Exposures 
of up to 300R have been employed and photo-fissions are ob- 
served at approximately the rate to be expected from the cross 
section given by Baldwin and Klaiber.! 

In the course of examining the plates 4 cases of photo-fission 
into three charged fragments have been found, a photomicrograph 
of one of which is given in Fig. 1. Details of the four events are 
given in Table I. We believe these events to be the first observed 
cases of this phenomenon in photo-fission. A tentative value for 
the rate of occurrence of this mode of fission can be given as 1 per 
400+ 200 binary photo-fissions. 

In general form the events are similar to those observed in the 
ternary fission of U® by slow neutrons?“ and, as in that case, 
the appearance of the tracks is compatible with the long range 
particles being a-particles. 

The possibility that the observed fissions were induced by the 
neutron background and not by y-rays has been considered. Cal- 
culations and measurements comparing the fission rates in and 
out of the y-ray beam both show that the observed rate of binary 
fission is at least fifty times as great as could be accounted for by 
the slow and fast neutron backgrounds. In addition, 
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Fic. 1. Photomicrograph of event 2. Observer: Mrs. B. D. Mathieson. 
The long range light particle leaves the emulsion at the surface. The heavy 
fission fragments are wholly contained in the emulsion. 
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TABLE I. Details of four events indicating fission 
into three charged particles. 
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1 Miss A. M. Graham 10.7 13,2 177 19.0 54 
2 Mrs. B. D. Mathieson 8.9 12.8 143* 16.6* 105 
3. Mrs. B. D. Mathieson 9.2 9.7 240 21.8 85 
4 Mrs. B. D. Mathieson 12.5 13.8 100* 14.0* 76 








* Track leaves emulsion. 


(1) Experiments on the slow neutron ternary fission of U* 
indicate a rate of occurrence of ternary events in which the 
a-particle has an energy exceeding 14 Mev as about 1 per 1000 
binary fissions.* 

(2) According to Tsien ef al.,? the fission of U™* with fast 
neutrons does not give rise to tri-partition with a third fragment 
of range greater than 5-cm, air equivalent. 

Combination of these results provides strong evidence that the 
4 events are examples of the photo-fission of uranium in which a 
long range light particle is emitted in addition to the heavy fission 
fragments. 

Thanks are due to Messrs. J. J. Wilkins and T. A. Brinkley for 
their help with the experiments and to the Director, A.E.R.E., 
Harwell, for permission to publish the results. 

1G. C. Baldwin and G. S. Klaiber, Phys. Rev. 71, 3 (1947). 

2 Tsien, Ho, Chastel, and Vigneron, J. de phys. et rad. 8, 165 (1947); 
J. de Phys. et rad. 8, 200 (1947). 


3L. L. Green and D. L. Livesey, Phil. Trans. Roy. Soc. 242, 323 (1948). 
4E. W. Titteron, unpublished experiments still in progress. 





On the Penetrating Component of Cosmic Ray 
Air Showers* 


FRANK L. HEREFORD 


Bartol Research Foundation of the Franklin Institute, 
Swarthmore, Pennsylvania 


May 13, 1949 


ECENT experiments, carried out by Cocconi, Cocconi- 
Tongiorgi, and Greisen' have shown that the particles 
associated with extensive cosmic ray air showers which are 
capable of penetrating 17.5 cm Pb are thereafter absorbed very 
slowly with a mean range of approximately 3600 g/cm? Fe. This 
fact was cited as evidence that the penetrating particles are 
mainly u-mesons. However, evidence has also been presented for 
the existence of penetrating nuclear particles in extensive 
showers.” 

In the experiment to be described the detection of such heavy 
particles was attempted through the measurement of the counting 
efficiency of a tray of low pressure G-M counters under 18.5 cm 
Pb (200 g/cm*) for single penetrating shower particles. The 
presence of an appreciable fraction of nuclear particles more 
heavily ionizing than u-mesons would be indicated by an increase 
of counting efficiency for penetrating shower particles over that 
for the total penetrating radiation at sea level. This latter radiation 
is known to consist predominantly of u-mesons with very nearly 
minimum specific ionization. 

The apparatus (Fig. i) contained three trays (E, 1, 3) of argon- 
ether counters filled at a sufficiently high pressure (90 mm Hg) to 
yield an efficiency of very nearly 100 percent. In tray 2 were 
placed alternately a set of thirteen similar argon-ether counters 
and a set of helium-amy]l acetate counters of identical geometry 
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TABLE I. Data at sea level for single penetrating shower particles 
and for total penetrating radiation. 








Total culiption Seneeth Shower radiation beneath 











18.5 cm 18.5 cm Pb 
eff (low) eff (low) 
Tray (2) Over-all Gy= Over-all Gs= 
counters eff (2) eff (high) eff (2) eff (high) 
Low pressure 0.611-+40.012 0.476 +0.015 
0.730 +0.018 0.695 +0.028 
High pressure 0.837 +0.013 0.688 +0.020 








but filled at a lower pressure (12 mm Hg). Using subscripts C and 
M to denote respectively the discharge of at least one counter and 
more than one counter in tray 3, the efficiency of tray 2 was deter- 
mined for single particles as follows: 


(E+1+2+3c)—(E+1+2+3m) 
(E+1+3¢)—(E+1+3m) 


This over-all efficiency for both the low pressure and high pressure 
counters in tray 2 was measured. Comparison of the two results in 
this fashion eleiminates the effect of any geometric inefficiency. 
Data were obtained at sea level for both single penetrating shower 
particles and the total penetrating radiation according to whether 
or not tray E was incorporated into the coincidence scheme. 

The results are shown in Table I. It is clear that within the 
limits of the probable errors the counting efficiency of the low 
pressure tray relative to the high pressure tray is the same for the 
shower associated radiation as for the total radiation, indicating 
that the penetrating shower particles have essentially minimum 
ionization. In order to draw any quantitative conclusions from 
the results one must know the sensitivity of the method as regards 
detection of heavy particles. We shall assume the total shower 
associated radiation penetrating 18.5 cm Pb, S, to consist of a 
meson component, M, and a proton component, P. Writing Gs, 
Gy, and Gp for the respective counting efficiencies for these com- 
ponents, one can determine the fraction P/S as follows: 


GsS=Gy(S—P)+GpP, 
P/S=(Gs—Gu)/(Gp—Gu). 


The values of Gs and Gy‘ are given in Table I. The determination 
of Gp, however, is complicated by the lack of knowledge of the 
mean range of high energy protons in lead. If it is proper to 
identify them with the primaries of locally produced penetrating 
showers, the most recent data’ indicate a mean range of about 
350 g/cm? Pb. On this basis the expected value of Gp as computed 
from the observed Gy (minimum ionization) and the ionization- 
range curve for protons following Bethe’s calculations® is 0.90. 

An upper limit to the proton fraction as allowed by the probable 
errors in Table I is approximately 0.06 (choosing Gy =0.730—0.018 
and Gg=0.695+0.028). Since this argument hinges upon our 
estimate of the mean range of the protons, the results must be 
accepted with reservation. Possibly one could judge that the 
proton fraction does not exceed 10 percent. 

One interesting point is the apparent decrease in the over-all 
efficiency of both the low and high pressure counters for the 
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Fic. 1. Counter arrangement. The end shielding of trays 2 and 3 
was similar to the side shielding. 
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penetrating shower radiation relative to that for the total radi- 
ation. At first sight this might be construed as evidence for the 
presence of very lightly ionizing radiation under 18.5 cm Pb 
(perhaps, photons).? However, the fact that tray 2 does not com- 
pletely shield tray 3 makes this deduction uncertain. In order to 
further investigate this possibility an additional 7.5 cm Pb was 
placed above tray 1. In this instance the observed over-all efficiency 
of the low pressure tray for the shower radiation penetrating 26 
cm Pb was 0.51+0.02. This slight increase over 0.476+0.015 
(Table I) may indicate a reduction in the intensity of the photons 
which would be evidence for their presence. The conclusion, how- 
ever, is doubtful and further experiments are in progress. If the 
subnormal efficiency under 26 cm Pb is confirmed and shower 
associated photons do exist at such depths, energy considerations 
deem it unlikely that they can be identified with the normal 
cascade photons, and the advance of a new mechanism for their 
production at great depths may. be in order. 

The author is indebted to Dr. K. Greisen for helpful comments 
and to Dr. W. F. G. Swann for his continued interest. 


* oy nel by the Joint Program of ONR and the AEC. 
(1949). occoni, V. Cocconi-Tongiorgi, and K. Greisen, Phys. Rev. 75, 1063 


2V. T. Cocconi, Phys. Rev. 74, 226 (1948). 

3 Unpublished results of W. W. Brown and A. S. McKay quoted in 
reference 1 indicate occasional stars and penetrating showers under thick 
lead in association with air showers. 

4 The average specific ionization of the sea level meson component under 
18.5 cm Pb and the penetrating component of extensive showers (mean 
range ~3600 g/cm? Fe) should be very nearly equal. Hence, we take Gu 
directly from Table I. 

5 G. Cocconi, Ds Rev. 75, 1074 (1949); J. Tinlot and B. Gregory, Phys. 
Rev. 75, 519 (1949). 

6H. A. Bethe, Handbuch der Physik (1933), Vol. 24, p. 522. 

7In agreement with reference 1 and with J. Daudin, Comptes Rendus 
228, 1286 (1949). 





The L Spectrum of Element 61* 
W. F. PEEp, E. J. Spitzer, AND L. E. BURKHART 


Carbide and Carbon Chemicals Corporation, Y-12 Plant, Oak Ridge, Tennessee 
May 23, 1949 


HE L series of element 61 was obtained through a con- 

tinuation of the x-ray examination of a sample of element 61 

isolated by G. W. Parker and P. M. Lantz of Oak Ridge National 
Laboratory. 

The Pyrex glass x-ray tube containing the sample known to be 
element 61, to which neodymium and samarium had been added 
was the same unit in which the K spectra of these elements was 
obtained.! In the case of the L spectrum, the tube was installed 
on a Bragg Focusing Spectrograph of 25 cm radius and one 
exposure of 10 milliampere hours at 60 kv was made using a 10° 











TABLE I. 
Harris, 
This labor- Cork, James,® Yntema, 
Line atory and Fogg Hopkins> 
Laz 2287.9 +0.4 xu 2289 
Lai 2277.5 +0.3 2279 2278.1 +3.0 
LA 2075.4 +0.4 2078 2077 
LBs 2037.9 +0.4 2038 
* LBs 1951.8+0.6 1952 
Ly 1795.2 +0.9 1799 








® Cork, James, and Fogg, Proc. NAS 12, 696-699 (1926 
b Harris, Yntema, and Hopkins, J. Am. Chemi. Soc. 48, 1$04-1598 (1926). 


oscillation of the rock salt crystal to scan the region 17° to 27°. 
The spectrum was recorded on Eastman No. Screen X-Ray Films. 

The wave-lengths of the six most prominent lines of the L 
spectrum of element 61 have been determined. These wave-length 
measurements were made from twelve densitiometer tracings 
made on a Leeds and Northrup Recording Microphotometer, each 
tracing being made in a different part of the film. 

Using the reported wave-lengths*? of Nda:, Sma;, Ndi, and 
Sm; lines as standards, a least squares method of calculation was 
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Fic. 1. The L spectrum of element Nos. 60, 61, and 62. 


made to determine the dispersion curve for each chart. The dis- 
persion of Bragg Angle per inch of chart was used. The Bragg 
Angle of each line of element 61 was determined from the dis- 
persion curve for each chart. The reported value and limit of error 
are calculated from the average of the twelve individual measure- 
ments of each line. 

A limit of error based on a 95 percent confidence level is reported 
instead of the usual probable error. Although the accuracy of this 
method is limited by the accuracy of the wave-length determina- 
tion of the four standard lines, it is felt that this method is justified 
by its elimination of effects such as film shrinkage and has the 
advantage of an unbiased method of locating the apparent center 
of a line. 

The wave-lengths determined in this laboratory are reported in 
Table I with wave-lengths previously reported for some of these 
lines. 

Figure 1 is a photographic reproduction of the film showing the 
L spectra of element Numbers 60, 61, and 62 with a typical den- 
sitometer trace. The principal lines have been labeled. Although 
no attempt has been made to measure relative intensity of the 
lines, the apparent intensity may be seen from the densitometer 
tracing. 

Weak lines presumed to be 6184, 6ly2, 618;, and 617, were 
observed but no wave-length assignment was made due to low 
intensity and difficulty in determining the center of the liné due to 
granularity of the film. A line marked (A) was observed at 
1931.30.4 xu with an apparent intensity slightly less than the 
61y: line which has not been satisfactorily identified. This cor- 
responds to the wave-length of the Ndy; line but it is doubtful 
that this is the origin due to its relatively high intensity. It is 
possible that this is an unresolved Kajaz2 doublet of iron but this 
spectrograph has, in the past, resolved the FeKaja2 doublet 
readily. 

The authors wish to acknowledge the supervision and assistance 
of Dr. C. P. Keim, Superintendent, Isotope Development Depart- 
ment, in the performance of this work; also, the assistance of Dr. 
J. R. McNally, Isotope Physics Section, in the calculation of the 
wave-lengths of this element. 

* This document is based on work performed for the AEC by Carbide 
and Carbon Chemicals Corporation at Oak Ridge, Tennessee. 


1 Burkhart, Peed, and Spitzer, Phys. Rev. 75, 86 (1949). 
2 International Critical Tables 6, 39 (1928). 





Paramagnetic Anisotropy of Manganous Fluoride 
J. W. Stout AND MAurIcE GRIFFEL* 


Institute for the Study of Metals, University of Chicago, Chicago, Illinois 
May 23, 1949 


HE magnetic susceptibility of MnF2, measured by Bizette 
and Tsai! and by de Haas, Schultz and Koolhaas? has a 
maximum at about 70°K. Stout and Adams* found an anomaly 
in the heat capacity with a maximum at 66.5°K. This behavior is 
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typical of an antiferromagnetic substance in which the spins are 
presumably aligned by the exchange forces in an antiparallel 
fashion rather than parallel as in ferromagnetic substances. 

We have measured the magnetic anisotropy of MnF>? at tem- 
peratures from 12 to 300°K. Single crystals were grown from the 
melt in an atmosphere of HF. The crystals were oriented in a back 
reflection Laue camera. The anisotropy was determined by mea- 
suring the torque necessary to balance that exerted on the crystal 
by the homogeneous field of an electromagnet. MnF- is tetragonal, 
with the turile structure.* The crystals were mounted with the 
c-axis perpendicular to the axis of rotation of the crystal. Two 
samples were used. Crystal A, weighing 2.224 g, was a right cir- 
cular cylinder cut with the c-axis parallel to the basal plane. 
Crystal B, weighing 0.2054 g, was an approximately square plate. 

The results are illustrated in Figs. 1 and 2. Below 70°K the 
anisotropy becomes extraordinarily large. By combining our 
measurements with those on the powder susceptibilities, one can 
calculate x,;; and x,. Within the accuracy of the powder suscepti- 
bility data the susceptibility parallel to the c-axis approaches zero 
at the absolute zero of temperature. The perpendicular suscepti- 
bility increases by about 12 percent as .the temperature drops 
from 70°K to 14°K. At 20°K x;;—X was measured over a range 
of fields from 2000 to 10,000 gauss. The maximum spread in 
values was 0.7 percent and there was no systematic variation with 
field strength. 
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Fic. 1. Molal magnetic anisotropy of MnF2. x,, and x, are molal sus- 
ceptibilities parallel and perpendicular to the c-axis. Crystal A, open circles. 
Crystal B, filled circles. The arrow indicates the temperature of the heat 
capacity maximum. 
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Fic. 2. Molal magnetic anisotropy of MnF2. x,, and x, are molal sus- 
ceptibilities parallel and perpendicular to the c-axis. Crystal A. Note that 
susceptibility scale is 1000 times that of Fig. 1, 
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Van Vleck® has proposed a theory of antiferromagnetism in 
which the exchange forces between neighboring atoms give rise to 
a Curie temperature and a maximum in the powder susceptibility. 
However, although the exchange forces align the spins with re- 
spect to one another, they cannot lead to an anisotropy since the 
energy is invariant under rotation with respect to the crystal 
axes. The small anisotropy of MnF2 observed at high tempera- 
tures is comparable to that observed in more dilute manganous 
salts,” which is explained by Van Vleck and Penney’ as due to a 
slight splitting of the °S level of the free Mn** ion by the crystal- 
line electrostatic fields. In the case of MnF:2 the susceptibility 
parallel to the c-axis is the greater at high temperatures indicating 
that the alignment of spins parallel to this axis is energetically 
more stable by a few tenths of a wave number. 

The cooperative phenomenon at temperatures below 70°K is 
is presumably due to the strong exchange coupling between the 
Mnt* ions. The deviation of the powder susceptibility at high 
temperatures from the free ion value is also caused by the exchange 
forces. The large anisotropy at temperatures below 70°K, where 
the spins are presumed cooperatively coupled antiparallel, occurs 
because the forces which at high temperatures can produce only 
a very small anisotropy become, when acting on a large group of 
coupled spins, energetically important compared to kT. These 
forces would serve to align the coupled spin system parallel to the 
c-axis and the anisotropy calculated from Van Vleck’s theory of 
antiferromagnetism would then be in good qualitative agreement 
with our observations. 

Magnetic dipole-dipole interactions could also, through a 
similar mechanism, produce an anisotropy. However, if the spins 
of the nearest neighboring Mn** ions, which lie in chains parallel 
to the c-axis, are coupled antiparallel the dipole forces would 
favor an alignment of the spin system perpendicular to the c-axis. 

A detailed account of this investigation will be published 
elsewhere. 

* Atomic Energy Commission Fellow 1948-49. 

1H. Bizette and B. Tsai, Comptes Rendus 209, 205 (1939). 

2 de Haas, Schultz and Koolhaas, Physica 7, 57 (1940). 

3 J. W. Stout and H. E. Adams, J. Am. Chem. Soc. 64, 1535 (1942). 

4 Strukturbericht (Leipzig, 1931), Vol. I, p. 192. 

5 J. H. Van Vleck, J. Chem. Phys. 9, 85 (1941). 

6 See J. H. Van Vleck, Phys. Rev. 52, 1178 (1937). 


7K. S. Krishnan and S. Banerjee, Trans. Roy. Soc. A235, 343 (1936). 
8 J. H. Van Vleck and W. G. Penney, Phil. Mag. 17, 961 (1934). 





‘An Accurate Nuclear Magnetic Resonance Method 
for Measuring Spin-Lattice 
Relaxation Times* 
ERwIn L. HAHN 


Physics Department, University of Illinois, Urbana, Illinois 
May 23, 1949 


HE bridge method! for obtaining nuclear magnetic resonance 
has been applied in conjunction with an electronic tech- 
nique? which permits accurate measurements of spin-lattice 
relaxation times 7}. The recovery in time of a non-equilibrium 
value of the energetic component of nuclear magnetization, M(t), 
toward thermal] equilibrium Mo is observed by measurement of 
resonance absorption and emission signal amplitudes on the oscil- 
loscope which are proportional to M,(t). When an ensemble of 
spins, such as protons in H,0, is subjected to a perturbing r-f 
field H; in a large d.c. magnetic field Ho perpendicular to H;, the 
excess population of spins mo in the ground state is reduced to a 
smaller value m;. In general n= N,,— N_, where N43; and N_, are 
the number of spins parallel and antiparallel to Ho respectively, 
and n is proportional to M,(¢). Upon removal of H; the recovery 
of n is given by 


n= nol 1+ (ms—mo/mo)e~*! 71]. 
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Fic. 1. The positive (mo) and negative (”) signals represent slow ge 
resonance absorption and emission respectively. The emission signal occurs 
for t =1/30 sec. For ¢ sufficiently large the signal is positive, and coincides 
with the fixed mo absorption signal for ¢ infinite. 


A conventional Higginbotham array of scalar units provides 
interval timing between a single r-f pulse of large amplitude which 
inverts** Mo to a negative value M; (i.e. N_.yj>N 4; at ¢=0) anda 
later single r-f pulse, also of large amplitude, which inspects the 
amplitude and sign of M, at a known time ¢. 30 c.p.s. modulation 
of the d.c. field Ho is used to synchronize the interval times with 
passage through resonance, but no r-f field is applied to the 
sample between pulses. The operator arbitrarily initiates the 
first r-f square wave pulse which is adjusted to center automati- 
cally upon a resonance; the inspecting pulse, identical to the 
first one, automatically follows at a specified time ¢ later. Com- 
binations of scalar units are preset according to time intervals 
desired. In order to repeat data for a particular time interval, 
reset switches permit the process to be repeated. In order to 
inspect various points in time ¢ on the exponential recovery of M, 
toward thermal equilibrium, one needs simply to preset the proper 


SPIN-LATTICE RELAXATION TIME (T,) 
OF PROTONS IN HO 
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scalar units in desired combinations. The H; intensity of the 
square wave is constant throughout a 7; measurement, giving 
n;=k(H:)mo where k(H;) is a proportionality factor which is 
constant for H; constant. In Fig. 1, m corresponds to the measured 
height of the inverted signal occurring at the time ¢ chosen; mo 
corresponds to the measured height of the positive signal at ‘=0. 
For distilled water (not in vacuum) the data illustrated in Fig. 2 
give T;=2.33+0.07 sec. as compared with 2.30.5 sec. measured 
by Purcell ef a/.1 For this particular case, five measurements were 
made per point. The method permits even higher accuracy if more 
measurements per point are taken. The single signals seen here are 
much larger than ordinary periodic resonance signals, and signal 
to noice ratio is high. Shorter values of 7; can also be measured by 
subjecting the sample to higher frequency Hp field modulation. 

* This work was supported in part by ONR contract N6-ori-71. 

1 Bloembergen, Pound, and Purcell, Phys. Rev. 71, 466 (1947). 

2 This method appears to be similar to one reported by H. C. Torrey, 
Phys. Rev. 75, 1326 (1949). 


** This effect will be discussed in a paper to be published on the nutation 
of the nuclear magnetic moment. 





An Error in a Paper by Landau on Coulomb 
Interactions in a Plasma* 


WILLIAM P. ALLIS 


Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


May 20, 1949 


ANDAU! attempts to show that the Coulomb interactions of 
electrons and ions in a plasma can be represented as the 
divergence of a flow vector in momentum space. To obtain this 
result he expands the probability w of scattering through a small 
angle in powers of that angle without properly taking into account 
the singularity of w at zero deflection. Fortunately this expansion 
is avoided by reversing the integration by parts. Landau’s Eq. (1) 
is 


J ln(oyn'(p)—n(p+4)n'(p'—A)Jw(p— 7", A)dr'dra. (1) 


The distributions m, nm’ are continuous and can be expanded in 
powers of A 
1 Om 
n A “A = coment ANG. 
(P+A)=m(O)+ rats on 
8n! 
2 Op; ap; ape’ 
Substituting in (1) the zero order terms cancel and the first order 
terms vanish on integration, leaving 


[| ee 
Op; Opr' = POPE. AD: ADx’ 


n'(p’—A) = n'a we 7AiAk. 


A;A 
w——"dr'dra. 


: (2) 


Op sao | 
nN 
i! 


This expression is correct. The last two terms are now integrated 
by parts, and use made of the relation 


dw/dp,’ = —dw/dpr, 


giving 


[bape dn’ an De +(w2® On Bd AiAe sg 
dp: Op’ " op.obs ~~ i 
This is Landau’s result on page 156 except for the sign before the 
second parenthesis. Unfortunately this expression does not reduce 
to a divergence. 

There is a further error in Landau’s method, which I have 
followed in going from (2) to (3) in order to point out the error in 
sign. The vector (p+p’)/2=g represents the motion of the center 
of gravity and the conservation laws require p, p’, p+A, and 
p’—A to terminate on a sphere about g. The integration by 


(3) 
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parts was done holding p and A constant. This obviously restricts 
p’. To be correct the integration should be at constant scattering 
angle, in which case the quantity A;A, occurs with w in the 
derivative 0(wA;Ax)dp«. 

Unless the second half of (3) can be shown to be small, these 
errors will affect the results of Cahn? in two recent papers on the 
velocity distribution in a plasma. 

* This work has been sumported in part by the Signal Corps, the Air 
Materiel Command, and ON 


. Landau, Physik Zeits. . Se 10, 154 (1936). 
2j. “H. Cahn, Phys. Rev. 75, 293, 838 (1949). 





Proton Range-Energy Relation 


R. L. CLARKE AND G. A. BARTHOLOMEW 


Division of Atomic Energy, National Research Council of Canada, 
Chalk River, Ontario, Canada 


May 10, 1949 


ECENT experiments have provided several points for the 
proton range-energy relation at low energies. We wish to 
report two more points and review the available data. The review 
is limited to data from cloud chambers since these experiments 
give mean ranges directly. The results of these determinations are 
shown in Fig. 1. The experimental points are numbered to cor- 
respond to paragraphs in the text. The Livingston and Bethe! 
(hereafter L & B) and the Cornell revised 1938? range-energy 
curves are included for comparison. All data are at S.T.P. 
(15°C, 76 cm Hg). 

Point I: Twenty-eight tracks, equivalent in weight to fourteen 
tracks of good quality were obtained from the H?(y,m)H! reaction 
using Ga” y-rays in a cloud chamber filled with D2 and D.O 
vapor.* The expansion ratio was 1.36, the average temperature 
was 26.2°C and the total pressure was 65.1 cm before expansion. 
The mean range in deuterium was 0.530.03 cm which, using the 
differential stopping powers of Blackett and Lees,’ is equivalent 
to 0.18+0.01 cm in air. Using Z,y=2.250+0.05 Mev‘ and a 
deuteron binding energy of 2.237+0.005 Mev® E, becomes 
0.13+0.03 Mev. 

Point II: A similar experiment.was performed using the y-rays 
from ThC”. Thirty-five tracks of good quality were obtained at 
an expansion ratio of 1.33 at an average temperature of 21°C and 


RANGE OF PROTONS IN AIR 
(15°C, 76cm Hg.) 


H' ENERGY (Mev) 


H' RANGE (cm) 


Fic. 1. Range of protons in air (15°C, 76 cm Hg). 
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a total pressure of 69.5 cm before expansion. The mean range in 
deuterium was 0.74+0.03 cm which is equivalent to 0.24+0.01 
cm in air. Using Zy=2.620+0.006 Mev, E, becomes 0.19+0.02 
Mev. 

In the following review the differential stopping powers of 
Blackett and Lees are used for protons in H: and He. In applying 
these stopping powers the L & B range-energy relation is used as 
a close approximation. Only a negligible change would result if 
the Cornell 1938 curve were used. The carbon stopping powers 
are those listed by L & B. The value 2.237+0.005 Mev is used as 
the binding energy of the deuteron. The »—H! mass difference is 
taken as 0.803+-0.005 Mev, the mean of the values of Elliott and 
Bell’ and of Tollestrup et al.® 

Point III:’ Protons from H?(y,m)H' using y-rays from ThC”. 

Fifteen tracks were obtained in an atmosphere of Dz and DO 
vapor at a total pressure of about 8.0 cm, of which about 2.7 cm 
was due to D.O. The range in the gas was 2.9 cm, which is equiva- 
lent to 0.155 cm in air. No error was assigned to this measurement. 

Point IV :° Protons from H?(y,m)H! using y-rays from ThC”. 

Sixty-two tracks having an average length of 0.613 cm were 
obtained in an atmosphere of 40 percent CH, and 60 percent He. 
For a-particles of 2 cm residual range, a mica foil of 0.902 cm air 
equivalent corresponded to 2.91 cm of gas. The corresponding 
range in air was 0.23+0.02 cm. 

Point V:° Protons from H?(y,)H! using Na” y-rays. 

The chamber was calibrated with an a-particle source whose 
range was determined in a separate experiment. The reduced air 
range was 0.36 cm. The corresponding true air range is 0.44 cm. 
The error is estimated here to be 0.02 cm. Using Ey=2.76 Mev,” 
E, becomes 0.26-+0.01 Mev. 

Point VI" Tritons from H?(d,n)H?. 

The energy of the tritons from this reaction is computed from 
the Q(4.04+-0.02 Mev) to be 0.89+-0.01 Mev. The range is given 
as 1.31-0.10 cm of air, of which an estimated 0.50 cm was due to 
an aluminum foil. The remainder of the range was in a He filled 
cloud chamber, and has been changed from 0.81 to 0.83 cm to 
take account of the change in stopping power. Determinations of 
the stopping power of aluminum show poor agreement. From the 
range in aluminum given by Parkinson ef al. and Wilcox,” the air 
equivalent of the foil has been changed to 0.40+0.07 cm. The 
final range in air becomes 1.23+-0.10 cm. For the equivalent proton 
the energy and range are 0.296+0.003 Mev and 0.41+0.03 cm, 
respectively. 

Point VII: Protons from N'4(n,p)C". 

The range of the protons is 1.00+0.01 cm.!* The proton energy 
may be calculated from the n—H! mass difference and the C™ 
B-end point (0.154+0.007 Mev)** to be 0.60+0.01 Mev. 

Point VIII:!* Protons from He*(n,p)H®. 

The range of the protons was obtained by comparison with the 
proton range from N!4(n,p)C" and hence is not an independent 
measurement. From the range assumed for Point VII the range 
for Point VIII becomes 0.99+-0.01 cm. The proton energy may 
be calculated from the »—H! mass difference and the H* 6-end 
point (18.9+0.5 kev)!® to be 0.59+0.01 Mev. 

Point IX!” Tritons from Li®(n,«)H®. 

The chamber was calibrated with the a-particles from ThC. The 
triton mean range was 6.00+0.06 cm.** The range of the equiva- 
lent proton is then 2.00-+0.02 cm. . 

Following Bgggild and Minnhagen, the Q of this reaction has 
been estimated from mass values and reaction cycles to be 4.74 
+0.06 Mev. This estimate takes account of the more recent 
n—H! mass difference and the H* B-end point. The lack of agree- 
ment between this value and the measurement of Béggild and 
Minnhagen (4.56 Mev) may be due to uncertainties in the range- 
energy relation,!* and possibly due to the method of calibrating 
the chamber for a-particles. The equivalent proton energy is then 
0.90+0.01 Mev. 

The data favors the curve of Livingston and Bethe, although 
there is some indication that this curve may be about 20 kilo- 
volts low in the region of 0.5 Mev. 
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The experimental work for Points I and II was performed by the 
authors in the Radiation Laboratory of McGill University, and 
was supported by scholarships from the National Research Council 
of Canada. 


* A similar experiment using the y-rays from La™® yielded a mean range 
of 0.52+0.03 cm in Ds. The y-ray energy is not known with sufficient 
accuracy for the purposes of this Letter. 

** We are indebted to Dr. J. K. Bgggild for informing us that this is the 
=e “ y ite 4 
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The Actinide Series and the Periodic Table 


ZoLTAN SZABO 
Institute of General Chemistry, University of Szeged, Szeged, Hungary 
December 27, 1948 


EABORG and Wahl! have recently published an article on the 
chemical properties of elements 94 and 93, indicating again 
that the transuranic elements are members of a group of atoms 
similar to the rare earths. This opinion was already put forward 
theoretically in relation to the arrangement of the electrons in 
atoms. The calculations of Wu and Goudsmit? as well as of 
Goeppert Mayer® showed the filling up of the 5f level at U or at 
Pa. They declare, however, that inaccuracies of a few units in Z 
are to be expected as their calculations concerning the starting of 
the group are of approximate character. 

The author believes that chemical investigations can also con- 
tribute to the elucidation of this problem. The established 
regularities of the periodic system and the similarities of analogous 
compounds indicate sufficiently that Ac and the following ele- 
ments belong to a group similar to the rare earths. Thus Th, Pa, 
and U as well as Np and Pu can by no means be considered as 
higher homologues of the Ti, V, Cr, Mn groups, respectively of 
Ru and Os. They are members of the Al group just as well as the 
lanthanides. The main property functions supporting our sug- 
gestions are as follows: 

Apart from the single boron, the specific weights show a monot- 
onous change in the columns of the system. Th and U would 
represent the only exceptions, if they were to remain in the IV 
resp. VI column. 

The same can be said of the melting points. These do not show 
such a strict change, as the specific weights do, however, within 
each column the variation is monotonous, or if in a few cases a 
discrepancy occurs, it is not significant. On the other hand in the 
columns accepted up to date the melting point of Th sinks back 
to about 500° and that of U to about 2000°. On comparing with 
the elements of the III column, the melting points of Th and U 
fit into the regular change. 

The third striking property of the homologous series in the 
system is the variation of the ionization potentials. These sink 
gradually in the main groups—apart from slight deviations which 
are without meaning in the case of determining such subtle data 
—whereas they rise in the by-groups.* 
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The values of Ti group: Ti 6.81, Hf 7.3, Th 5.7 volts. 

The values of Cr group: Cr 6.71, W 7.6, U 5.7 volts. Moreover 
in the Al group the values are: Al 5.95, Sc 6.7, Y 6.5, La 5.5, Ac 
5.5 volts, into which the values 5.7 of Th and of U fit in. 

The ionization potential is doubtless connected with the electro- 
chemical character of the element. The electropositive character 
increases from above downwards in the main group and decreases 
in the by-groups. This can be observed at the change in the 
standard potential, but also roughly at the change of the reaction 
ability, e.g. in the behavior against acids. 

The elements of the by-groups belonging to the sixth period are 
already noble metals. Thus Th and U which according to their 
standard potential ~+2.0 and +1.4 volts, dissolve readily in 
diluted acids, cannot be inserted after Zr and Hf or Mo and W 
respectively. The chemical character of Np and Pu, ensuing from 
the approximately determined standard potential! excludes the 
possibility of their being considered as higher homologues of such 
noble metals as Re and Os. 

The simpler compounds of Th and of U show many common 
features with the elements of the III group, especially with the 
rare earths. UO2 and ThO: have a fluorite structure just like CeO 
and PrO2, while MoO, and WO; have the rutile type. The close 
similarity of the Ce+**+* and Th**** compounds has already been 
stressed by chemists. Th can be precipitated as hydroxide with Al 
or with La. ThF, and UF, are insoluble in water like the fluorides 
of rare earths, while the fluorides of the IV group dissolve in 
water, in hydrogen fluoride and alkaline fluoride. UFs is just as 
water soluble as the fluoride of Np and Pu in their higher oxidation 
state. CrOsCle is a typical acid chloride, while UO2Clz has a 
strongly marked salt character. 

Of all elements Cr, Mo, and W are the most inclined to form 
complexes. or iso- and heteropolyacids. U does not show this 
inclination any more than other acids. It rather forms double 
salts. A very interesting analogy of uralytricarbonato complexes 
was also found at Sc. 

Consequently it seems right to insert Th and U—of course with 
Pa as well as the transuranic elements—into a group starting 
with Ac. The group should be started with actinium, because the 
physical and chemical properties of the elements fit into the character 
of the third column. One might oppose that these elements have 
also higher valencies than 3. But this has already occured pre- 
viously in the cases of C and Pr, not mentioned the cases of Cu 
and Au belonging to a by-group. 

According to this grouping of these elements the arrangement 
of the electrons can be assumed in the following manner: the 6d 
level possesses only 1 electron at Ac, the next electron of Th, 
however, is bound in 5f orbit, which further will be filled at Pa by 
2, at U by 3 electrons. Thus the higher homologues of La, Ce, Pr 
and Nd are Ac, Th, Pa and U just as Il and Sm are the foregoing 
elements of Np and Pu. 

Through this arrangement the lines indicating the homologous 
relations in Bohr’s periodic table obtain a more regular figure. 

According to our grouping the variation of Goldschmidt’s® 
ionic potentials between the corresponding homologues yields far 
better values than if the actinides would be in their original place, 
as the ionic potential do not vary between the fourth and sixth 
groups. 

Investigating finally the arrangement of the new group from 
the geochemical point of view, it can be established that there is 
no regularity postulating the connection of Cr, Mo, W and U. 
On the other hand Th and U often occur together with the 
lanthanides. The frequency of the members of the actinium series 
follows quite appropriately the change of frequency of the cor- 
responding rare earths. 








La Ce Pr 
18.3 46.1 5.53 


Nd Ac 
23.9 3 X1073 


Th Pa U 
11.5 8 X10-6 





4 g/ton 
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The author is grateful to Professor A. Koch for discussion 
concerning the geochemical relations. 


1G. T. Seaborg and A. C. Wahl, J. Am. Chem. Soc. 70, 1128 (1948). 
2 Ta-You Wu and S. Goudsmit, Phys. Rev. 43, 496 (1933). 

3M. Goeppert Mayer, Phys. Rev. 60, 184 (1941). 

4W. Finkelnburg, Zeits. f. Naturforsch. 2a, 16 (1947). 

5 V. M. Goldschmidt, Chem. Abstracts, 1946. 20693. 





Branching Ratio in Be’ Decay 
C. M. TURNER 


Radiation Laboratory, University of California, Berkeley, California 
May 20, 1949 


T was shown by Rumbaugh, Roberts, and Hafstad! that Be’ 
decays to Li’ by orbital electron capture, with most of the 
decays being due to transitions directly to the ground state of Li’, 
but with a small fraction geing to the 475 kev level of Li’ and 
then to the ground state by emission of a gamma-ray. If we define 
as the branching ratio the fraction of decays that are accompanied 
by a gamma-ray and let it be represented by R, then the work of 
Rumbaugh, Roberts, and Hafstad showed that 0.03<R<0.3. 
They pointed out, as have others more recently, that inasmuch as 
the various forms of 8-decay theory predict differing values for R, 
a more accurate experimental determination is desirable. 

A measurement of R is being made by the following method, 
which is capable of somewhat better accuracy than that obtained 
by Rumbaugh, Roberts, and Hafstad. The proton beam from the 
Van de Graaff electrostatic generator is used to produce samples 
of Be? and C™ by means of the Li’(~,m)Be? and B"(p,n)C" reac- 
tions. The Li’ and B" targets are surrounded during bombardment 
by a manganese bath which absorbs the neutrons emitted. The 
activity induced in the bath by the neutrons is directly propor- 
tional to the number of active atoms produced, and hence we have 
the relation, 


Npe?/Nct=Ape?/Ac", (1) 


where NV,’ and No" are respectively the numbers of Be’ and cr 
atoms produced in runs with lithium and boron targets while 
Ape: and Ac" are the neutron induced activities in the manganese 
bath for these runs. - 

If the Be? and C" samples are geometrically identical and are 
counted in identical geometry with respect to a Geiger counter 
with sufficient absorber between the samples and counter to 
convert all the positrons from C" decay to annihilation quanta, 
we can write, 


Cpe? = Nee?Ape?-E-R (2) 


Cot=Not-Acu-E-2 (3)° 


where Cpe’ and Cc"! are the observed counting rates for Be? and 
C4, respectively, Nze? and No" are the respective numbers of Be’ 
and C" atoms, Ape? and Ac" the respective disintegration con- 
stants, E is the efficiency of the Geiger counter for the gamma-rays 
being counted and the geometry used, and R is the branching 
ratio. The factor 2 appears in Eq. (3) because each positron gives 
two annihilation quanta. It is assumed that E is the same for 
annihilation quanta and Be’ decay quanta, since the difference in 
energy is small. Taking the ratio of (2) to (3), 
Cpe? Nee? Ape? R 


Cot Nou Ag 2° 


and 


(4) 


Solving for R and substituting from (1), 


pace! Act Agu 2. (5) 


Co" Ape? Ape’? 


Hence R is given in terms of other ratios and does not involve an 
absolute calibration of the manganese bath or an absolute deter- 
mination of the counter efficiency. 
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Results to date, while still of a preliminary nature, indicate 
that 0.10<R<0.13. Final results will be reported in more detail 
at a later date. 

This paper is based on work performed under the auspices of 
the AEC. 


1 Rumbaugh, Roberts, and Hafstad, Phys. Rev. 54, 657 (1938). 





Exchange Phenomena of the Nucleons That 
Generate Penetrating Showers 
H. A. MEYER AND G. SCHWACHHEIM 


Departmento de Fisica, Universidade de Sto Paulo, Sio Paulo, Brasil 
February 23, 1949 


ECENTLY G. Cocconi performed measurements on the 
absorption of ionizing PSPR* (which are believed to be 
protons) in Pb, Fe, C, and air.’ He finds that this absorption is 
not exponential in the condensed absorbers and that the mean 
range of ionizing PSPR in the atmosphere increases with the lead 
thickness above the penetrating shower detector. These results 
are not compatible with an exponential absorption of the PSPR 
which was verified by Tinlot and Gregory? in Pb and Fe and by 
Wataghin® and Tinlot‘ in the atmosphere. 

The fundamental difference between the experimental arrange- 
ment of Cocconi and those of the other authors, is that a proton 
of the PSPR appears as absorbed in any material situated in 
position = (Fig. 1 of Cocconi’s paper'), not only when it generates 
a penetrating shower, but also when it emerges from 2 in the 
form of a neutron. 

Let us discuss Cocconi’s results by taking into account the 
phenomenon described above. We shall make the following 
hypothesis: (1) The absorption of nucleons through production of 
penetrating showers is exponential in all materials and is inde- 
pendent of their charge as well as of the altitude of the point of 
observation. (2) The probability of a transformation of a proton 
into a neutron is equal to that of the reverse process. (3) At Echo 
Lake (708 g/cm~) the number of protons is already equal to the 
number of neutrons in the PSPR. Indeed, if this were not so, 
Cocconi should have found a mean range for the ionizing PSPR 
in the atmosphere (without any absorber above the detector) 
smaller than the mean range of the total PSPR determined by 
Wataghin and Tinlot. Thus varying the absorber thickness at 
position 2’ in Cocconi’s experiments! and the absorber thickness 
in the arrangement of Tinlot and Gregory,? it is only necessary to 
consider the exponential absorption due to the production of 
penetrating showers. 

Following this interpretation one deduces easily from Cocconi’s 
measurements the values of the mean range \ for the production 
of penetrating showers in different absorbers: 


App= 345437 g/cm, 
Are= 240+27 g/cm, 
Ac=100+12 g/cm, 

Nair= 11347 g/cm™, 


in good agreement with the values given by other workers.?~* A 
short calculation yields for the mean range » for charge exchange 
the values 

bpp= 247+61 g/cm, 

bre=300+121 g/cm, 


at Echo Lake (708 g/cm™). For uc we obtain a larger value than 
the preceding ones, but the statistical errors are too important to 
allow a precise determination. However this result is not surprising 
since charge exchange and shower production are competititive 
processes. It is then reasonable to expect that u should increase 
if \ decreases. At Ithaca (1007 g/cm™) u is found to be several 
times larger, but a precise determination is impossible. 


We see that the exchange properties of the PSPR explain 
Cocconi’s results consistently with the results of other authors. 
On the other hand we wish to point out that the energy loss of 
the protons by ionization has been neglected, and this might not 
be very accurate in the case of the rather low energy events 
recorded by Cocconi! and by Tinlot and Gregory.? However, we 
think that this factor could at most alter somewhat the numerical 
values of the mean ranges.® 

* We use the abbreviation PSPR for Penetrating Shower Producing 
Radiation. 

1G. Cocconi, Phys. Rev. 75, 1074 (1949). We are indebted to Professor 
Cocconi for having communicated to us his results before publication. 

2J. Tinlot and B. Gregory, Phys. Rev. 75, 519 (1949). 

3G. Wataghin, Phys. Rev. 71, 453 (1947). 

4 J. Tinlot, Phys. Rev. 74, 1197 (1948). 


can more complete account will appear in the Anais da Acad. Bras. de 
ienc. 





The Nuclear Spin and Quadrupole Moment of I'*° 


RALPH LIVINGSTON 
Oak Ridge National Laboratory,* Oak Ridge, Tennessee 
AND 
O. R. GILLIAM AND WALTER GORDY 
Department of Physics, Duke University,** Durham, North Carolina 
May 19, 1949 


HE nuclear spin and quadrupole moment of I have been 
determined from measurements on the J=2->3 rotational 
transition of CH;I*, which occurs in the 6.75 millimeter wave 
region. As is apparent from observation of Fig. 1, the spin of I 
is unquestionably 7/2. The very large number of absorption lines 
which are found in the hyperfine structure make it impossible to 
fit the theoretical pattern of any other spin to the observed data. 
The theoretical plots shown include only first order theory. 
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Fic. 1. Observed and calculated hy ne structure for the J =2-—+3 
transition of CH3I!. 
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Because of the large quadrupole coupling found for this mole- 
cule, eQd°V /dz2=—1422 mc, second order effects' cause slight 
deviations of the observed from the calculated spectrum for 7/2 
spin. For example, these effects make one of the lines appear as 
a doublet, which according to first order theory would be a single 
line, composed of three components. 

The quadrupole moment of I'*° is negative—that is, the nucleus 
is oblate, or flattened along the spin axis. The ratio of Q(I) to 
Q(T") is 0.7353. If the quadrupole moment of I? from atomic 
spectra,? —0.46X10~*4 cm’, is used, the value for the quadrupole 
moment of I'* is determined as —0.34X10-*4 cm?. With the 
value of —0.5910-*4 cm? for the quadrupole moment? of T?’, 
obtained from microwave measurements‘ for CH;I’, the quad- 
rupole moment of J is found to be —0.43X10-*4 cm?. We are 
inclined to favor the latter value, which depends on the calculation 
of 6?V/dz? from the doublet separation of iodine, according to the 
formula® 

#V /d2?=8eAv/15Z;RaPao’. 


The C—I bond in methyl iodide is close to a pure single bond 
formed by a p-orbital of the iodine. The bond should have very 
little ionic character since the electro-negativities of iodine and 
carbon are approximately equal. Hence, the application of this 
formula to methyl iodide should give a more accurate value of the 
@V/d2? than it would when applied to ICN, where the C—I 
bond is complicated by appreciable resonance with double bond 
structures, or to ICI, where there is a fairly large electro-negativity 
difference of the bonded atoms. — 

T° is known to emit beta-rays and to decay to Xe, with a 
long half-life.* Since the spin of Xe!”° is 3, the spin change in this 
reaction is therefore 3. The long half-life of I'° is consistent with 
this spin change, and its spectrum should be of the second for- 
bidden type or higher. 

We are now attempting to determine the nuclear magnetic 
moment of I! from the Zeeman effect on the hyperfine structure 
and are using the present data to obtain a more accurate deter- 
mination of the structure of the methyl iodide molecule. This 
information, with details on experimental procedure, will be 
given in a later publication. 

We wish to acknowledge the help of Mr. George Parker and 
Mr. Gordon Hebert of the Chemistry Division, Oak Ridge Na- 
’ tional Laboratory, who isolated the I'”° from fission material. 

* The work at Oak Ridge National Laboratory was performed under 
Contract Number W-7405 eng. 26 for the Atomic Energy Project. 

** The work at this institution was supported by Contract Number 
W-19-122-ac-35 with the U. S. Air Force, Cambridge Field Station. 
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2K. Murakawa, Zeits. f. Physik 114, 651 (1939); T. Schmidt, Zeits. f. 
Physik 113, 140 (1939). 

3W. Gordy, Rev. Mod. Phys. 20, 714 (1948). 

4 Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 

5H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 8, 226 (1936); C. H. 
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6G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585 (1948); per- 


sonal communication with Mr. George Parker; details to be published at 
a later date. 





Nuclear Magnetic Moments and Hyperfine 
Structure of the Rubidium Isotopes* 


F. BITTER 


Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


May 23, 1949 


RECENT determination! of the nuclear moments of the 
rubidium isotopes indicates that, as was first suspected by 
Millman and Kusch,? the observed ratio of the magnetic moments 
does not agree with the ratio calculated from hyperfine structure, 


» Rb*7/u R®, 


THE EDITOR 


Observed (1) 2.0327+0.001 
Observed (3) 2.038 +0.01 
Calculated (2) 2.0261+-0.0003. 


The interaction between the optical electron and the nucleus 
is of two kinds—electrostatic and magnetic—and it is of interest 
to determine whether the observed effect can be accounted for on 
the basis of either of these two forces. The effect of spreading the 
nuclear charge, usually considered concentrated at a point at the 
origin, over a finite sphere of radius Ro, is to reduce the electronic 
density ¥7(0) at the nucleus. This effect was shown by Rosenthal 
and Breit‘ to lead to a correction in calculating hyperfine structure 
of the order of zRo/ao for atoms having a nuclear charge in the 
range of rubidium. The ap is the radius of the first Bohr hydrogen 
orbit. While this ratio is 0.5 percent for rubidium, and can account 
for discrepancies in the hyperfine structure of the order of the 
observed discrepancy (0.3 percent), it is very unlikely that this 
is the explanation, as it would require an enormous difference in 
size of Rb®* and Rb®’. Besides the fact that all available evidence 
supports a slowly varying nuclear radius proportional to the cube 
root of the mass number, we have specific evidence’ that there is 
no observable isotope shift in the spectrum of rubidium, and 
therefore no such very large difference in nuclear size. Effects due 
to a magnetic structure inside the nucleus, first proposed by 
Kopfermann® in the days when such effects could well be dis- 
missed as negligible, and recently applied by Bohr’ to the proton- 
deuteron problem, also lead to a correction of the order of zRo/ao. 
This is a much more reasonable explanation, since there is no 
objection to assuming the wave function for the odd proton in 
rubidium to be quite different for the two isotopes. In fact, this 
might be expected on the basis of a vector model® of the nucleus, 
which would assign to Rb®’ with 7=3/2, 1+s=1+1/2, and to 
Rb® with J=5/2, /—s=3—1/2. 

The fact that effects of this order of magnitude have not been 
observed for the gallium isotopes? or for the thallium isotopes" is 
not unreasonable since, in both cases, the two isotopes have the 
same nuclear spin and comparable nuclear moments, and it is 
therefore not unreasonable to assume that they also have com- 
parable wave functions for the odd proton. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and the ONR. 

1F, Bitter, Phys. Rev. 75, 1326 (1949). 

? Millman and Kusch, Phys. Rev. 58, 438 (1940). 

3 Kusch and Millman, Phys. Rev. 56, 527 (1939). 

4 Rosenthal and Breit, Phys. Rev. 41, 459 (1932). 

5 Kopfermann and Kruger, Zeits. f. Physik. 103, 48J (1936). 

*H. Kopfermann, Kernnomente (Akademische Verlagsgesellschaft, 
M.B.H., Leipzig, 1940), p. 17. 

7 A. Bohr, Phys. Rev. 73, 1109 (1948). 

8 See, for example, Brookhaven National Laboratory publication 1-5, by 
Goldsmith and Inglis, on ‘Spins, Magnetic Moments, and Electric Quad- 
rupole Moments,” dated October 1, 1948. 
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Hall Effect in Metal-Semiconductor Point Contacts 


S. BENZER 
Department of Physics, Purdue University,* Lafayette, Indiana 
May 18, 1949 


"[ BANSVERSE Hall effect determinations have been a very 
useful tool in the study of conductivity in bulk semicon- 
ductors. According to the elementary theory of the Hall effect, if 
a current J passes through a parallelepiped (Fig. 1(a)) and a 
perpendicular magnetic field H is applied, a transverse e.m.f. is 
observed given by the formula E= RHI(1/t), where ¢ is the thick- 
ness of the specimen (in the H direction) and R is a constant 
characteristic of the material. The magnitude and sign of R yield 
information regarding the density of current carriers and whether 
they are predominantly electrons or holes; studies of Hall effect 








DUS 
est 
on 
he 
he 
1ic 
al 

ire 





LETTERS TO THE EDITOR 151 


petentitnates 


rr. 4 
Salles “Ls “7 [a] 


source 
a 














potenticneter 











metallic bike 


Fic. 1. (a) Conventional arrangement for measuring transverse Hall 
effect in a bulk semiconductor. (b) Method for determining Hall effect in 
the neighborhood of a metal-semiconductor point contact. 


vs. temperature enable one to separate the electron and hole 
components.! 

Information of this type is much needed for an understanding 
of conduction mechanisms in point contact rectifiers and tran- 
sistors. It would seem possible, using the configuration illustrated 
in Fig. 1(b), to perform a Hall effect measurement in a point 
contact. Two metal probes are placed diametrically opposite 
from the current-carrying central contact and a magnetic field is 
applied in a direction perpendicular to the plane made by them. 
Assuming (1) the semiconductor resistivity is homogeneous, 
isotropic, and independent of current density and magnetic field, 
(2) the distance of the probes from the center contact is large 
compared with the radius of the contact, one can show that an 
e.m.f. is induced between the probes given by E=RHI(1/d), 
where d is the distance between the probes. Thus, one may expect 
to observe a Hall e.m.f. comparable in magnitude to that observed 
in a plate as in Fig. 1(a). In germanium crystals, most of the 
assumptions above are generally not correct, especially if one is 
dealing with contacts showing rectification, photoelectric effects 
or surface conduction, and a really quantitative study of such 
Hall effects would be difficult. However, the sign and approximate 
magnitude of the e.m.f.’s would be of considerable value. 

Note that the induced e.m.f. increases as the probes are placed 
close to the contact. In an arrangement of contacts such as one 
finds in the transistor, sizable effects may be expected if one 
measures the e.m.f. induced between the emitter and the collector 
while current is passed from one of them to the base. In this 
case, however, there will be a large unbalance voltage before 
application of the magnetic field which is canceled for the most 
part when two pick-up probes are used. 

Preliminary trials have shown that a Hall e.m.f. is easily ob- 
servable in germanium and that reversals in sign may occur as the 
current through the contact is increased. 

* Present address: Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 

1For example, detailed analyses for bulk germanium semiconductors 


have been made by K. Lark-Horovitz et al.—N.D.R.C. Report No. 14-585 
(1945); Phys. Rev. 69, 258 (1946). 


Nuclear Spin of Fe*’ 
M. GurEvitcH* AND J. G. TEASDALE** 


University of California, Berkeley, California 
May 19, 1949 


HE spectrogram of a 29 milligram sample of iron enriched 
in the isotope Fe*’ was inspected for hyperfine structure. 
The spectrographic apparatus consisted of a one-meter, flint glass, 
three prism spectrograph! crossed with a Fabry-Perot interferom- 
eter. The light source was a liquid-air cooled Schuler tube.! 
Many of the iron lines observed in the region \4000A to \6800A 
involved states having J values greater than one-half and involving 
penetrating s electrons.* No structure was observable in any of 
these lines. 

The wave number difference which could be resolved in the 
region of the line \4071.748(3d"4s-F.—3d"4p-F.°) was estimated 
to be 0.029 cm™. To avoid overestimating the resolution, the 
total apparent width on the plate of the line \4071.748 was 
assumed to be the actual half-width. Since the lines were intense 
the apparent full width was probably greater than the actual 
half-width. 

That Fe*’ has no measureable magnetic moment is not sur- 
prising, when one considers that many of the elements whose 
atomic mass is odd, but whose nuclear charge is even, give the 
same result. 

The Fe*’ was obtained from the Manhattan District. 

* Now at the University of Idaho, Moscow, Idaho. 

** Now at the University of California at Los Angeles, California. 


1M. Gurevitch, Phys. Rev. 75, 767 (1949). 
2H. N. Russell and C. E. Moore, Trans. Am. Phil. Soc. 34, 113 (1944). 





Infra-Red Absorption by Homonuclear 
Diatomic Molecules 
Mary Louise OxHOLM AND DuDLEY WILLIAMS 


Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 
May 19, 1949 


E have recently investigated the absorption spectrum of 

liquid air in the near infra-red region between 1 and 12y. 

Several absorption bands were observed, the most intense bands 

being near 4.3 and 6.44. The band near 4.3y overlaps the atmos- 

pheric CO; band in this region but is somewhat broader than the 

COz band. The band near 6.4u overlaps the atmospheric water- 

vapor band with center at 6.264 but is quite different in shape 

from the water-vapor band and from the bands in the spectrum 
of liquid water and ice. 

It is rather difficult to account for the intense bands in the 
liquid air spectrum in terms of CO: or H:0 dissolved in the liquid 
air or condensed in the liquid air from atmospheric CO2 and HO, 
since the observed absorption is more intense than would be 
expected from CO: and HO as impurities. However, the observed 
bands appear at positions where one would expect absorption if 
the fundamental vibrations of Nz and O2 were infra-red active. The 
vibrations of Nz and Oz have not been regarded as infra-red-active 
since these molecules are non-polar and hence transitions between 
vibrational levels cannot be produced by processes involving 
ordinary dipole radiation; infra-red absorption has not been 
reported for gaseous nitrogen or oxygen. However, Raman lines 
have been observed for Nz and O:; the frequencies of the Raman 
lines and the corresponding infra-red wave-lengths are as follows: 


Observed Corresponding 
Raman wave-length* 
Molecule frequency in the infra-red 
Ne 2330.7 cm=t 4.2905u 
Oz 1554.7 6.4321 
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Within the present limits of error the wave-lengths calculated 
from the observed Raman lines coincide with the wave-lengths at 
which the liquid air bands were observed in the present study. 

In order to check the tentative assignment of the observed 
bands to Ne and O: further measurements were made on liquid 
nitrogen and liquid oxygen. In the spectrum of liquid nitrogen, 
the 4.3u-band was strong but no band was observed near 6.4u. 
In the spectrum of liquid oxygen, the 6.4u-band was extremely 
intense and the 4.3u-band was weak; the weak 4.3u-band could 
be attributed to nitrogen, which was present in a concentration 
of 10-15 percent as an impurity. These results are in agreement 
with the assumption that the 4.3u-band is due to the fundamental 
vibration of Nz and the 6.4u-band to the fundamental vibration 
of Ox. 

Concerning the processes involved in absorption by Ne and Oz, 
we might mention several possibilities. First, there are quad- 
rupole-radiation processes which are possible for homonuclear 
molecules. Quadrupole radiation would account for weak absorp- 
tion by Ne and O: in both gaseous and liquid states; there is no 
a priori reason for expecting a marked increase in absorption 
when liquefaction takes place. Second, there is the possibility of 
“enforced dipole radiation,” which results from dipole moments 
induced during collisions between molecules; absorption by this 
process would be much greater in the liquid than in the gas. In 
the case of Oz, there is the possibility of magnetic dipole radiation, 
since Oz has a large magnetic dipole moment. Finally, there is the 
possibility that the molecules in the liquid are actually associated 
as definite polymers which could absorb by dipole-radiation 
processes. From the work done thus far, it is impossible to ascer- 
tain the relative importance of these possible radiative processes 
in the observed absorption. The work on liquids is being con- 
tinued, and it is possible that further studies of other absorption 
bands observed at shorter wave-lengths will yield valuable 
information. 

It might be pointed out that the fact that the close proximity 
of the Ne and O: bands to the strong atmospheric absorption 
bands of COz and H:O may have masked weak absorption bands 
which may be produced by Ne and O¢ in the gaseous state. Studies 
of the infra-red absorption of dry oxygen and CO--free nitrogen 
gas are planned for the near future. 

We wish to thank Professor H. H. Nielsen for his interest and 
encouragement and Professors R. A. Oetjen and E. E. Bell for 
making the infra-red equipment available to us. 


* The infra-red positions calculated from band-head measurements are 
4.238u for Nz and 6.3274 for Os. 





Dependence of Resistivity of Germanium on 
Electric Field* 


RALPH BRAY 
Purdue University, Lafayette, Indiana 
May 16, 1949 


E have previously reported experiments+? which were 

originally designed to explain the anomalously low 
spreading resistance of high back voltage germanium rectifiers. 
These experiments showed that the resistance of high resistivity 
(p~1 ohm-cm) germanium samples is reduced when high field 
strength pulses are applied. Most of the experiments were carried 
out with constant current pulses (five microseconds long, with a 
repetition rate of 60/sec.) applied through soldered contacts to 
rectangular blocks of germanium, one to five millimeters long. 
The pulses were observed and measured on an oscilloscope. The 
experimental arrangement is illustrated in Fig. 1. At fields of the 
order of 100 volts/cm and even less, appreciable decreases in 
resistance were obtained. The changes in resistance lagged behind 
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the voltage, producing a delay of one or more microseconds before 
equilibrium could be obtained. 

Subsequent experiments at the Bell Telephone Laboratories* 
indicated that holes are injected into the N-type material from 
the positive metal contact, and that the holes are drawn into the 
material by the electric field, thereby increasing the carrier con- 
centration and decreasing the resistance. The lag in the resistance 
changes may be explained by the transit time of the injected holes, 
which move with a mobility estimated by Haynes and Shockley‘ 
to be 1200 cm?/volt sec. 

This interpretation is also consistent with Hall effect and 
resistance-temperature dependence measurements made at high 
field. 

Hall effect measurements were made, utilizing the high field 
pulse technique. Because of the large current densities, measurable 
Hall e.m.f. pulses of the order of one volt were obtained across 
soldered Hall probes in a transverse magnetic field, H = 4600 gauss. 
The Hall constant was found to decrease rapidly with electric 
field strength, thus corroborating the idea of an increase in con- 
centration of carriers by the high electric field. 

The temperature dependence of the conductivity o was studied 
at various electric fields across the sample. In Fig. 2 are shown 
curves of this dependence. From these curves, the temperature 
dependence of the changes in conductivity at a given field, Ac, 
can be calculated. Ac is found to increase with rising temperature 
in the impurity conduction range, but decrease with temperature 
in the transition to intrinsic conduction. To interpret the tem- 
perature measurements both the injection and transmission of the 
carriers have to be considered. Low voltage Hall and resistivity 
curves on the same samples showed that in the impurity range 
the mobility varied as 7! and the concentration of carriers was 
nearly constant down to about 140° absolute. We would expect 
that as the temperature rises and mobility decreases, the trans- 
mission of the injected carriers at a given field would decrease, and 
consequently Ac would become smaller. Since Ao actually increases 
in the impurity range, it appears that the injection rate increases 
with 7, and that this increase more than compensates for the 
decrease in mobility. The decrease of Ao with rising temperature 
in the transition range may be due to a decrease in the lifetime of 
the injected carriers as the concentration of the holes and electrons 
becomes high, or a decrease in injection rate if the barrier height 
for hole injection has increased. 

Very similar effects are obtained in P-type germanium? with 
high field strength pulses. Specifically, a decrease in resistance 
which lags behind the voltage, a decrease in Hall constant with 
electric field, and qualitatively similar temperature dependence of 
Ao, (see Fig. 2) were all found. Further experiments showed that 
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Fic. 1. Schematic illustration of experimental arrangement and of current 
and voltage pulses for a block of germanium. - 
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Fic. 2. Dependence of the conductivity of an N- and a P-type germanium 
sample on the temperature, at various electric fields across the sample. The 
samples are impurity semiconductors for temperatures below about 100°C; 
above that temperature, there is a transition to intrinsic conduction. The 
N-type sample (26J) is 0.21 cm long with a cross-sectional area of 0.011 
cm’, The corresponding dimensions on the P-type sample (40M) are 0.45 
cm and 0.028 cm?, 
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the injection of electrons from the negative metal contact accounts for 
the effects in P-type germanium. The latter results will be pre- 
sented in a subsequent communication. 


* Work supported by the Signal Corps. 

1 Bray, Lark-Horovitz, and Smith, Phys. Rev. 72, 530 (1947). 

2 Ralph Bray, Phys. Rev. 74, 1218 (1948). 

3 J. Bardeen and W. H. Brattain, Phys. Rev. 74, 230 (1948); E. J. Ryder 
and W. Shockley, Phys. Rev. 75, 310 (1949). 

4J. R. Haynes and W. Shockley, Phys. Rev. 75, 691 (1949). ' 

5 The median value of hole mobility due to lattice scattering, determined 
on some 15 P-type germanium samples by d.c. methods by K. Lark- 
Horovitz and collaborators, is about 550, with values of over 1000 for some 
high purity samples. 





Cathode Sputtering in the Abnormal Glow 
Discharge 
RICHARD HANAU* 


Department of Physics, University of Michigan, Ann Arbor, Michigan 
May 23, 1949 


O continue the study! of intensities of spectral lines from a 

He low voltage arc, an intense He glow discharge (Geissler 

tube) was constructed. Some properties of this glow discharge are 
discussed. 

Intensities as a function of pressure (see Fig. 1) agreed quali- 
tatively with results found! for the low voltage arc. Since the 
pressure for maximum intensity was well within the abnormal 
glow discharge region (<15-mm Hg), cathode sputtering was 
expected to be high? 

To decrease sputtering Al electrodes are useful.*~* Our com- 
parison of Al alloy electrodes (4 percent Cu, 0.5 percent Mg, 0.5 
percent Mn) with pure Al (99.99 percent Al, 0.003 percent Fe, trace 
Ca, Cu, Mg, Si) showed markedly reduced sputtering for the 
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latter. If the relatively higher sputtering rate of alloy Al were due 
to the higher sputtering rate of most of the alloy materials (in pure 
form),’ the deposit should be richer in alloy materials. Spectro- 
graphic analysis of deposits from pure and alloy electrodes failed 
to show this enriching effect except for two or three doubtful cases. 

The sputtered material appeared to be deposited in two forms. 
The localized form was characterized by fairly well-defined bands 
on the glass coaxial with the cylindrical tube and cylindrical 
hollow electrodes. With the tube axis vertical, the top of the upper 
band, for example, was in the same plane as the bottom of the 
upper electrode. Considerations of electrode and tube diameters, 
and band width and position, imply, for rectilinear motion, that 
the sputtered material reaching the tube wall came from the inside 
lower } of the electrodes within a certain maximum angle with the 
normal (ca. 45°). The general form was deposited evenly through- 
out the bulbs and to a lesser extent within the capillary. The rate 
of deposit of the general form relative to that of the localized form 
increased with decreasing pressure. These two forms, also observed 
by Hulbert,® may represent different methods of deposition, the 
localized due to ion bombardment and ejection of solid particles, 
the general due to high temperatures and subsequent evaporation. 

Measurements, with pure Al electrodes, showed that sputtering 
rate increases with decreasing gas pressure, agreeing with previous 
results.” In our case the region of maximum line intensity (ca. 
2-mm Hg) was also a region where the sputtering rate changed 
markedly, increasingly by a factor of 20 as the pressure decreased 
from 2.70-mm Hg to 1.30-mm Hg. This large difference in sput- 
tering rate results in a correspondingly large difference in the 
useful life of tubes sealed off at different pressures. Moreover, 
small changes in gas pressure have a marked effect on spectral 
intensities in this region. These two effects make it desirable that 
the sealing-off pressure for high intensity long-life tubes be deter- 
mined with some certainty. 

Investigation showed a region of large current change for small 
change in pressure (Fig. 2). The curves must have a steep slope 
at about 1.7-mm Hg since in no case is there an experimental 
point on neither the upper nor lower curves. The curves, repre- 
senting data from the same tube, were taken at different times 
after starting the discharge (causing shift along current axis) and 
at different gauge temperatures (causing shift along pressure axis). 

As gas pressure was decreased across this critical region (near 
1.7-mm Hg) the discharge became suddenly and considerably 
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Fic. 1. Photographic blackening as a function of gas pressure. On the 
blackening axis the origin for each curve is different; the units are arbitrary, 
but the same for all curves. Four curves (5015, 4120, 3187, and 3613A) 
are typical. Of 17 lines measured, 16 are similar, showing a maximum 
intensity at 2.2-mm Hg; line 5875A, however, is anomalous. 
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Fic. 2. Tube current as a function of gas pressure. Other data (not 


shown) indicate that curves A and B extend, at constant current, to 9-mm 
Hg and 4-mm Hg, respectively. 





whiter. This abrupt change occurred in addition to the gradual 
change to a whiter discharge (as pressure is decreased) which 
takes place at higher gas pressures. The latter is probably due to 
the relatively late saturation of the intensity-pressure curve for 
the strong yellow line at 5875A. The abrupt change may likewise 
be connected with this line since the blackening-pressure curve has 
a large slope in this region (Fig. 1). 

The large current change at about 1.7-mm Hg may account for 
the large change in sputtering rate, since sputtering increases with 
voltage.” The voltage increase, corresponding to the current 
decrease (negative linear current-voltage characteristic), was ob- 
served to be as abrupt as the latter. The determination of this 
critical gas pressure can be used to ascertain both operating and 
sealing-off pressures of high intensity, low pressure discharges 
where the sputtering rate must be small. 

* Now at the University of Kentucky, Lexington, Kentucky. 

1R. G. Fowler and O. S. Duffendack, Phys. Rev. 76, 81 (1949). 

2L. B. Loeb, F gg ong Processes of Electrical Discharge in Gases (John 
Wiley and Sons, Inc., New York, 1939), p. 599. | 

3 E. C. C. Baly, Phil. Trans. 202A, 183 (1903). 
4P. G. Nutting, Bull. Nat. Bur. Stand. 4, 511 (1908). 
5 R. A. Sawyer, Phys. Rev. 36, 44 (1930) 


E. O. Hulbert, Rev. Sci. Inst. 5, 85 (1934). 
7K. T. Compton and I. Langmuir, Rev. Mod. Phys. 2, 186 (1930). 





On the Measurement of the Energy of Fast 
Neutrons by Photographic Emulsions Loaded 
with Enriched Li® 


GEORGE R. KEEPIN AND JAMES H. ROBERTS 
Department of Physics, Northwestern University, Evanston, Illinois 
May 23, 1949 


N the literature! it is suggested that Li® disintegrations in 
photographic emulsions be used to measure the energy of fast 
neutrons. In commercial lithium loaded plates the disintegrations 
are masked by a high background of proton tracks. To overcome 
this Roberts? suggested the use of emulsions heavily loaded with 
enriched Li®, This isotope with an enrichment factor of about 98 
percent was supplied to the Los Alamos Scientific Laboratory by 
the Carbide and Carbon Chemical Corporation of Oak Ridge, 
Tennessee. The Eastman Kodak Company impregnated the 
enriched Li® into NTA type emulsions. 
Some of these plates have been bombarded with neutrons from 
a mixed Po+Be source at the Argonne National Laboratory. Fig- 
ure 1 shows a disintegration produced by a neutron from this 
source. 
About 225 tracks produced by thermal neutrons from the 
thermal column of the heavy water pile at the Argonne National 
Laboratory were measured giving Re=6.8+0.6u and Rr=38.2 


+1.1y. An analysis of the method indicates that it can be used to 
measure neutrons of energy less than one Mev to a precision of at 
least +0.1 Mev; preliminary measurements with monoenergetic 
neutrons confirm this. Such resolution is obtained as follows: 

For a given neutron energy and angle @ between the alpha- 
particle and triton there are in each disintegration two possible 
triton energies. Select those disintegrations for which the triton 
has the greater energy. The disintegrations so selected must now 
be considered individually according to the value of the angle 9, 
As @ decreases from 180° to its limiting value, the neutron energy 
becomes an increasingly sensitive function of 6. Thus for tracks 
with @ greater than say 170° the neutron energy can be determined 
from an accurate measurement of the sum of ranges of the two 
particles and a rough determination of the angle. For tracks with 
successively smaller 6 values it is necessary to determine 6 with 
increased accuracy in order to obtain the neutron energy with the 
same precision. The method is being tested at Northwestern to 
measure the energy of neutrons from a thin beryllium target bom- 
barded with polonium alpha-particles. 

The Li® technique will extend the photographic method to 
neutron energies below one Mev. It is particularly suited to the 





Fic. 1. Li§ disintegration by a neutron from a mixed Po-+Be source. 
Ra =17.5y, Rr =86.2y, and @ =149°. Approximate range energy curves and 
Q =4.64 Mev give a neutron energy of 4.6 Mev. 


measurement of the energy distribution of fast neutrons inside a 
material medium since collimation of the neutrons is not required 
and perturbations introduced by the detector are minimized. 
The results of this study of the method together with some 
specific applications will be published in detail at a later date. 
1C. F. Powell and G. P. S. aera 7 nN uclear Physics in Photographs 


(Oxford University Press, New York, 194 
. Roberts, LADC # 586, 1948. 





The Effect of Alpha-particles on a Superconductor* 
D. H. ANDREws, R. D,. FOWLER AND M. C. WILLIAMS 


Chemistry Department, The Johns Hopkins University, Baltimore, Maryland 
May 9, 1949 


UPERCONDUCTING bolometers have been bombarded with 
alpha-particles from a polonium source, and it is found that 
countable electrical pulses are produced, one for each particle 
impact. The bolometer used in the experiment reported here was 
made of a strip of columbium nitride, approximately 3.50.4 
0.006 mm, mounted with bakelite lacquer on a copper base, 
and maintained at the operating temperature of 15.5°K in a 
cryostat, as previously described;! its time constant was about 
10- sec. 

To provide a mounting fur the polonium source, a glass tube 
ca. 30 cm long and 3 cm diameter was sealed to the cryostat nose 
facing the bolometer. The source could be slid back and forth in 
this tube, placing it at distances from the bolometer ranging from 
2 cm to 20 cm. 

The source consisted of polonium on a nickel disk 1 cm diameter, 
attached to the face of a steel cylinder. A vacuum of better than 
10-* cm was maintained in the source tube and around the 
bolometer by a charcoal trap at liquid nitrogen temperature aided 


,by the many contiguous surfaces at 15°K, so that the a-particles 


traveled from the source to the bolometer with no significant loss 
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TABLE I. Comparison of a-particle counts with ionization 
chamber and bolometer. 








LETTERS TO 


THE EDITOR 


TABLE I. Experimental data. 











Ionization 
Distance from, source to defining area: 20 cm 2cm Air counter fission chamber fission 
Average counts per second: Sample counts/min. counts/min. Av. 
(a) Ionization chamber 40 740 Ruggles 0.52 +0.123 0.38 +0.088 0.44 +0.07 
(b) Bolometer 32 660 Thucholite 0.18 +0.08 0.20 +0.078 0.19 +0.05 








of energy. The bolometer was protected from general heat radia- 
tion by a shield held at 90°K. The a-particles passed through a 
hole in this shield, the opening being 7 mm diameter, in alignment 
with the bolometer. 

The bolometer was connected to a direct current supply, and 
by potential leads to the primary of an audio transformer, the 
secondary of which led to a pulse amplifier, and thence to an 
oscilloscope, and scale-of-1000 counter. 

The rate of counting was at a maximum when the CbN was 
maintained in the center of the transition, half-way between 
normal and super conductivity; it was relatively constant over a 
central interval 0.04° wide and fell sharply both above and below 
this temperature zone, being reduced approximately to noise 
level by an increase or decrease of 0.1°K. The electrical resistance 
of the strip was 2w in the normal state at 15°K. 

The number of counts per second was also a function of the 
direct current flowing through the CbN, being at a maximum for 
a current of 40 ma. 

The number of a-particles counted with the bolometer agreed, 
as shown in Table I, with the number counted with an ionization 
chamber and linear amplifier when the ionization chamber was 
exposed to the source through a slit system similar in geometry 
to that in the bolometer experiments. The ionization chamber slit 
was covered with a thin mica window, and the air pressure in the 
source tube kept at 0.01 mm. 

From photographs of the peaks on the oscilloscope it is estimated 
that each individual pulse from the bolometer is about 10-7 volt 
high and 10-4 second wide. The maximum signal to noise ratio 
was 3 to 1. Since the pulse height may be expected to be propor- 
tional to the energy of the a-particle, experiments are being con- 
tinued to increase the signal to noise ratio, in order to evaluate 
the precision with which the energy of individual particles can be 
measured by this method, and to determine the kind of pulses 
produced when superconducting bolometers of this and other 
materials are exposed to different kinds of particle radiation. The 
authors wish to thank Professor Walter Koski and Mr. Carl 
Thomas for valuable advice and assistance. 

* This work was supported in part by contract N5-ORi-166, Task IV, 


ONR U. S. Navy, and in part by a grant from Dr. H. A. B. Dunning. 
1 Andrews, Milton, and DeSorbo, J. Opt. Soc. Am. 36, 518 (1946). 





Uranium2** in Thucholite 


J. B. OrR 
R. F. D. No. 3, Great Barrington, Massachusetts 
May 20, 1949 N 


HE radioactive mineral Thucholite occurs in certain peg- 
matite dikes in the Parry Sound district of Ontario, Canada. 
It contains, along with uranium and thorium, considerable carbon.! 
Since the mineral, including carbon, was apparently of igneous 
origin, it was thought that, if it had originated from a mass of 
sufficient size, the carbon acting as a moderator of fission neu- 
trons, a chain reaction might at one time have taken place. If this 
were the case, it was thought that there might exist versus normal 
uranium a difference in the amount of U™* fissionable by slow 
neutrons. 
Samples of thucholite were obtained from the Besner Mine, 
Henvey TWP., Ontario, Canada. A 2g sample was powdered, 


ashed and weighed. Loss including carbon and volatiles was 26.5 
percent. A 2.5g sample was powdered, decomposed with HF and 
dissolved in HNO. The residue was dried and weighed and then 
ashed and weighed. The loss consisting largely of carbon was 21 
percent of the original sample. Filtrates from acid solution of both 
samples were added and U precipitated as uranyl ammonium 
nitrate after extraction of the sulfide group, Fe, Th, Al, and Pb. 
The uranium was reduced to the green oxide and tested for purity 
by dissolving a small amount in glacial acetic acid. No visible 
residue remained. Total U;Os was 7.2 percent of the original 
samples. U;Oxs was similarly extracted from a sample of uraninite 
from the Ruggles Mine, Grafton, N. H. Both U;O3 samples were 
finely powdered and mixed with 10 percent by weight of Am- 
phenol 912 and sufficient solvent to make a mixture which could 
readily be painted on pieces of Al foil 10 cm 15 cmX4.5 mg/cm? 
thick. The average thickness of U;03 was 2 mg/cm”. Foils prepared 
as above were laid over an air counter.? The counter was only 40 
percent efficient for U* and Uses alphas. However, the Ruggles 
sample showed a 10 percent greater count than the thucholite 
sample. 1.8 kg of paraffine were placed on top of the foil and 
counter with a 1 mc Ra-Be neutron source imbedded in the 
paraffine 4.75 cm from the foil. The counter pulses were fed into 
an amplifier, discriminator and scale of 64 counter. Considerable 
difficulty was experienced in reducing the background due to 
spurious pulses over the surfaces of the counter insulators. How- 
ever, by continually passing dried air through the counter these 
were reduced to 0.05 counts per min. with the samples and paraf- 
fine in place but with the neutron source removed. Fission counts 
by this set up are shown in Table I. 

Because of the difficulties experienced with the air counter and 
as a check of the instruments used, the foils were reduced in size 
to 9.5 cm X 12.4 cm so they could be placed inside a propane filled 
ionization chamber. The positively charged collector plate was 
1.9 cm from the grounded foil. Paraffine and the neutron source 
were placed on top of the foil but outside the ionization chamber 
with a geometry identical to the former experiment. Pulses were 
fed into a preamplifier and video amplifier with a clipping time of 
2 microseconds and from there to a discriminator and 64 scaler. 
The alpha-counting rate was too high for the mechanical register 
to handle but a rate meter read approximately 92,000 counts/min. 
on the Ruggles foil and 84,000 counts/min. on the thucholite 
sample. The fission counts are included in Table I. 

The work completed so far is only preliminary and suffers from 
too slow a counting rate and insufficient data. Although the masses 
of the samples were within $ of 1 percent of each other, the alpha- 
count of the Ruggles sample was 10 percent high due either to 
contamination with other alpha-emitters or impurities in the 
thucholite sample. However, 10 percent impurities in the 
thucholite would be insufficient to account for the difference in 
fission counts. There is a possibility that the thucholite sample 
was contaminated with large amounts of Th which would reduce 
the fission count without reducing the alpha-count. However this 
seems hardly probable. The experimental data would seem to 
warrant further work. 

It would be interesting to examine the isotope ratios of the 
rare earth elements contained in the mineral as well as the ratios 
of isotopes of other minerals in the dike. 

1H. V. Ellsworth, Rare-element Minerals of Canada, Canadian Eco- 
nomic Geology Series 11, 178-186 (1932). 


2 Similar to counter described by H. A. Simpson, Jr., Rev. Sci. Inst. 19, 
733 (1948) but all metal and glass construction. 
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The Flux of Heavy Nuclei of the Primary Cosmic 
Radiation at Geomagnetic Latitudes 1 =55° 
and 2=30° 
H. L. Brapt AND B. PETERS 


University of Rochester, Rochester, New York 
May 23, 1949 


OME 200 tracks of primaries with atomic numbers between 

Z=6and Z=26 ina stack of 58 specially prepared Eastman 
NTB plates* of dimensions 3 in. X20 in., flown on October 27, 
1948 for 5 hours at Camp Ripley, Minnesota (geomagnetic 
latitude A= 55°N) at an altitude of 97,000 feet have been analyzed 
by the methods previously described.! The range and hence the 
energy could be accurately determined for 30 particles which 
stopped in the stack of plates (Fig. 1). Figure 2 shows the energies 
with which these particles entered the top of the atmosphere 
plotted against their atomic number Z. (Z was determined by 
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measuring the 6-ray density as function of the remaining range.) 
Figure 3 shows the number of tracks stopping in the stack, plotted 
against the energy per nucleon. The lowest energies per nucleon, 
observed for nuclei of the carbon, nitrogen, oxygen group, lie in 
the interval e=0.37—0.40 Bev. These values are very close to 

the geomagnetic cut off.energy for vertical incidence at A=55°N: 


€cut-off=0.35 Bev? for completely stripped nuclei (A =2Z). 


The sharpness of the lower energy limit of the distribution of 
Fig. 3 may be partly due to experimental reasons, since a sys- 
tematic survey of tracks was made under 5-cm glass only. 

The flux of nuclei I(A) of the C, N, O group at A=55°N at the 
top of the atmosphere was calculated from the observed intensity, 
correcting for loss of nuclei by collisions in the glass and the air 
above the balloon: 


To,n,0(55°) = (4.00.5) 10-4 (nuclei/cm? sec. ster). 


Fic. 1. Sections of G-track of a relativistic iron nucleus. The particle entered the top of the atmosphere with an energy E=81 Bev making an angle 
8 =40° with the vertical. It entered the stack of plates with a kinetic energy of E =62 Bev and has been traced through 23 plates. It ends in the emulsion 


of the 24th plate, after a range in glass of R=35 g/cm? 
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Fic. 2. Kinetic energy of 30 heavy primaries (in Bev) stopping in the stack of plates flown at’Camp Ripley, Minnesota (A =55°N) plotted against their 
atomic number. Curve 1 gives the geomagnetic cut-off energy (e=E/A =0.35 Bev per nucleon) for \ =55°N. Curves 2 and 3 give the minimum energy 
necessary for the penetration through the 15.5 g/cm? of matter above the stack of plates for } =O and # =45°, respectively. 
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Fic. 3, Frequency distribution of tracks stopping in stack flown at Camp Ripley (A =55°N) as function of the‘energy per’nucleon.iThe}minimum 
energy observed of 0.37 Bev/nucleon is equal to the geomagnetic cut-off energy at geomagnetic latitude 4 =55°N. 


The angular distribution corresponds to an isotropic distribution 
at the top of the atmosphere. For the heavier nuclei (Z 210), for 
which the energy necessary for penetration down to 97,000 feet is 
greater than the geomagnetic cut-off energy, a lower limit, 


Tz > 10(55°) = (1.40.4) -10~* (nuclei/cm? sec. ster), 


was obtained for the flux at the top of the atmosphere. 

Another stack of 25 electron sensitive Eastman plates, of dimen- 
sions 3 in.X10 in. was flown on February 4, 1949 at geomagnetic 
latitude A=30° off the coast of Jamaica at an altitude of 93,000 
feet.** An analysis of 100 heavy tracks of this stack yields the 
flux values 


Ion, 0(30°) = (3.00.6) - 10-4(nuclei/cm? sec. ster), 
and 
Iz > 10(30°) = (1.00.3) -10-*(nuclei/cm? sec. ster). 


Hence, the intensity of heavy primaries is reduced only by a 
factor 1.5 or at most 2 between A=55°N (Ecut-off=0.35 Bev) and 
A=30°N (Ecut-off = 3.4 Bev). This unexpectedly small latitude effect 
shows that the majority of heavy primaries have energies of 
several Bev per nucleon, though at least some 10 percent of all 
the particles observed at A=55°N have energies between 0.35 Bev 
and 0.6 Bev and stopped in the.stack, while none of the 100 
particles at \=30° stopped in the stack. 

The following conclusions are drawn from these observations: 


(1) If one assumes that the C, N, O nuclei are completely stripped of 
electrons before entering the earth’s magnetic field it appears that this 
field alone determines the lowest energy with which particles enter the 
atmosphere even at magnetic latitudes as high as 55°N 

(2) The great majority of heavy primaries have energies far in excess of 
the geomagnetic cut-off energy at \ =55°N. For these the energy loss per 
mean free path is small compared with their initial energy and hence, they 
will lose most of their energy in nuclear collisions. They therefore produce 
effects also on the secondary radiation observed at lower altitudes. 


The flux of helium nuclei at \=30°N has been determined to 
Tue(30°) = (5.31.0) - 10-3(nuclei/cm? sec. ster). 
Assuming the total flux of primaries to be 
Ip=0.08(nuclei/cm? sec. ster), 


we conclude that at A=30°N only 70 percent of the primary 
nucleons can be protons, about 30 percent (15 percent neutrons) 
being contained in the component of nuclei with Z=2 to Z=26. 
No large fluctuations are therefore to be expected for the heavy 
primaries (with the possible exception of the small fraction having 


low energies), since such fluctuations would be reflected in the 
intensity of the total cosmic radiation measured at lower altitudes. 
We wish to express our gratitude to Mr. R. Brent and Mr. 
R. Rickard who did most of the surveying. 
This work was assisted by the Joint Program of the ONR and 
the AEC. 


* We are greatly indebted to Dr. J. Spence and Mr. W. H. Bowerman of 
Eastman Kodak Company for their valuable cooperation in the preparation 
and processing. 

1H. Bradt and B. Peters, Phys. Rev. 74, bag (1948). 

2M. S. Vallarta, Phys. Rev. 74, 1837 (19 

3 Freier, Ney, and Oppenheimer, Phys. a "5, 991, (1949). 

** This flight was carried out jointly with Brookhaven National Labora- 
tory. We are greatly indebted to Mr. Golian, Dr. Salant, and Dr. Horn- 
bostel for very valuable assistance. 





Mean Life Considerations in Relation to Curvature 
of Cosmic-Ray Paths in a Magnetic Field 


W. F. G. SwANN 
Bartol Research Foundation of the Franklin Institute, Swarthmore, 
Pennsylvania 
May 12, 1949 


HE problem presented is as follows: Suppose we consider a 
pencil of cosmic-rays in a certain small solid angle and 
energy range.! It is of interest to consider the angular deviation 
which they have experienced from their point of birth. It turns 
out that if we assign the angular deviation, that quantity deter- 
mines uniquely the fraction of the group of rays which has been 
lost in their journey from the point of birth. The result becomes 
uniquely determined, moreover, regardless of the nature of the 
energy loss along the path. The angular deviation is here to be 
understood as the angle turned through by the pencil of rays as 
projected on a plane perpendicular to the magnetic field, which 
field, for the purposes of the problem, may be taken as uniform 
everywhere. 

Proof: If N is the number of rays in the pencil at any point along 
the path, and if dx is an element of path, r the mean life of a 
particle at the instant when it is travelling in the element dx, and 

=v/c, we have 


dN /N=—(1/r)(dt/dx)dx= —dx/Bcr. (1) 
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If the ray is travelling perpendicular to the magnetic field H, 
the deviation d@ in the distance dx is given by 
d0/dx=2n/2xp=1/p, © 
where p is the radius of curvature. If a is the angle between the 
original direction of the ray and the plane perpendicular to the 
magnetic field 
d0/dx=cosa/p. (2) 
Thus, from (1) and (2) 
a1, Lata Laos 
Ber Ndo dx Ndd\ p VJ’ 
1 dN p 


N d@ = Ber cosa’ 





(3) 
Now 

mv?/p=Hev/c, (4) 
and 


my (1—6%)* 70 
where 7 is the rest mean-life. Hence, 
motB/top= He/c?. (5) 
If we should take @ as large as 23 degrees and cosa=0.5, N/No 
would be 16X10~. It is therefore obvious that no pencils which 
have suffered large angles of deviation in the foregoing sense can 
be expected with any appreciable intensity. 
From (3) and (5) 
1 dN moc? 


Nd = roHec cosa 


from which it will be observed that 8, and indeed all having to do 
with the variable energy of the particle, has disappeared from the 
right-hand side. 

Since 


2 
= 108/300, and 1ro=2X10"%, 


1dN__ 108 __—100 
Nd@ 3X2X10-§X3X10°H cosa 18H cosa’ 


If H=0.7, we have 
N=N  exp[— 86/cosa]. 


Thus, for example, if €=0.2 corresponding to about 11.4 degrees 
N=No exp[—1.6/cose], 





and, if a=60°, 
N = Noe*?=0.04N approx. 


1 It will turn out that the number which survive after the deviation @ 
will be determined entirely by 0, regardless of any explicit statement as to 
the magnitude of the energy, although, of course, the deviation implicitly 
determines the energy. 





On the Decay of Isotropic Turbulence 
Ss. CHANDRASEKHAR 


Yerkes Observatory, University of Chicago, Williams Bay, Wisconsin 
May 9, 1949 


N a recent letter! it was shown how Heisenberg’s? theory of the 

decay of isotropic turbulence can be reduced to the discussion 

of a certain second order nonlinear differential equation for a 
function g(y) related to the spectrum. The behavior 


8(y)~L6yo(y— yo) ]# 


of the solution as it cuts the y-axis described in that letter applies 
only to the right of +o and is accordingly not meaningful; to the 
left of yo, the behavior is given by 


EAC D+F (0-9) ose, (y->—yo). 
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This corresponds to f(x)—>constant x? as x as required by 
Heisenberg. 

I am indebted to Professor Heisenberg for correspondence which 
clarified the points at issue. 


1S. Chandrasekhar, Phys. Rev. 75, 1454 (1949). 
2 W. Heisenberg, Proc. Roy. Soc. A195, 402 (1948). 





Correlations in Measurements on Superfluidity 
in Liquid Helium II* 
JOHN R. PELLAM 


Cryogenics Laboratory, National Bureau of Standards, Washington, D. C. 
May 9, 1949 


N three recent papers'~* V. Peshkov has published his latest 
researches in the field of second sound in liquid helium II. 
Since this work parallels in some respects portions of the results 
recently published by the writer*~* ** a comparative summary is 
due at this point. This is particularly the case since these papers’ 
by Peshkov are not generally available in translated form.*** 
Peshkov and the writer employ respectively the resonance and 
pulse methods, so that the mutual results well illustrate the com- 
plementary aspects of these two approaches. 

A primary objective in each program*®® was to establish the 
extreme low temperature behavior of the velocity of second sound. 
Both programs attained 1°K as a low temperature limit for these 
measurements. While complete experimental agreement was not 
forthcoming, the net results showed full substantiation of neither 
the theory of Tisza’? nor of Landau® at the lowest temperatures. 
The pulse method® revealed the same maximum of about 20.2 
m/sec. at 1.65°K observed by Peshkov in his early resonance 
experiments.® Both programs then evidenced a systematic decrease 
in velocity to minima near the lowest temperature extreme. 
Actually Peshkov’ further observed a slight increase at tem- 
peratures below his lowest velocity of 18.4 m/sec. at 1.12°K, 
whereas the writer’s data® indicate a flat minimum of 19.2 m/sec. 
down to 1°K (excluding in no way, however, a subsequent rise). 
These experimental differences cannot be considered as sig- 
nificant in attempting to choose between the two current 
theories.7-* 

Investigations of various second-order effects have been made 
in both programs. Peshkov examined theoretically the effect of 
second sound extinction on resonance band widths, concentrating 
his experimental efforts? mainly on losses occurring at the solid 
walls of the resonant cavities used. The writer** measured attenu- 
ation coefficients for video second sound pulses as a function of 
temperature, and found the attenuation to increase drastically 
near the A-point. 

Another second-order effect mutually examined was the 
breakdown of overdriven second sound. This particularly illus- 
trates the complementary approaches of the two methods. The 
writer observed first sound generation accompanying second 
sound degeneration by exceeding critical counterflow velocities 
within the heat pulses.~* Conversely Peshkov detected an 
anomolous dip in the curve of observed second sound signal 
versus generator input.? The order-of-magnitude correlation**** 
between these results attained by opposite approaches is illus- 
trated by Peshkov’s critical heat flow density? of roughly 0.4 107 
w/cm? and my value® of about 1.0X 10-? w/cm? (0.0025 cal./cm? 
sec.). 

In this connection Peshkov discusses? the high stability of 
second sound, persisting as it does under conditions favoring 
partial degeneration. Similarly second sound pulses were ob- 
served under conditions where partial conversion to first sound 
took place. The latter was observed to be limited,® however, to 
within the first quarter millimeter from the thermal generator, so 
that the remaining second sound continued without further losses 
to this process. 
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Extending the parallelism, each of us predicted and apparently 
detected coupling between first and second sound instigated by 
the action of semi-impervious boundaries (acting differently 
toward the two fluid components because of their independent 
viscosity characteristics). Being primarily concerned with pulsing 
methods, the writer investigated theoretically" the transforma- 
tions between the two modes of propagation upon reflection from 
porous boundaries, and believes to have obtained evidence sub- 
sequently5* for this process. Consistent with the resonance 
method Peshkov succeeded in generating! simultaneously both 
first and second sound by vibrating a piston adjacent to a per- 
forated screen. By means of this filtration method he observed 
proportions of first and second sound transmitted in general 
agreement with the boundary conditions presumed to hold. 

The pulse method would seem to be somewhat more convenient 
than resonance techniques for observing® quantitatively such 
phenomena as the Lane" type of conversion at the liquid helium IT 
free surface. Similarly the low heat input fits it for extending 
velocity measurements to the adiabatic demagnetization range. 

It is a privilege to call attention to the parallelisms and agree- 
ments displayed between the programs of Peshkov and the writer, 
and to have been able to substantiate and in some measure add to 
Peshkov’s elegant work. 


1V. P. Peshkov, J. Exper. Theor. Phys. U.S.S.R. 18, 857 (1948). 

2V. P. Peshkov, J. Exper. Theor. Phys. U.S.S.R. 18, 867 (1948). 

3V. P. Peshkov, J. Exper. Theor. Phys. U.S.S.R. 18, 951 (1948). 

4J. Pellam, M. I. T. Research Laboratory of Electronics Quarterly 
Progress Report, July 15 (1948). 

5 J. Pellam, Phys. Rev. 74, 841 (1948). 

6 J. Pellam, Phys. Rev. 75, 1183 (1949). 

7L. Tisza, J. de Phys. et rad. 1, 165, 350 (1940); Phys. Rev. 72, 838 
(1947); also Phys. Rev. 75, 885 (1949). 

8L. Landau, J. Phys. bere R. 5, 71 (1941); J. Phys. U.S.S.R. 8, 1 (1944); 
also Phys. Rev. 75, 884 (1949 

9V. Peshkov, J. Phys. 10, X30 (1946). 

10 J, Pellam, Phys. Rev. 73, 608 (1948). 

11 Lane, Fairbank, Schultz, and Fairbank, Phys. Rev. 70, 431 (1946); 
also Phys. Rev. 71, 600 (1947). 

* Supported by the ONR, Contract Na-onr 12-48. 

** Summarized in reference 6. 

*** We are indebted to Dr. P. M. Marcus of the ONR for making trans- 
lated copies available to us; these arrived while the summary (reference 6) 
was in press. 

#*e Concerning the difference between these values, it is pointed out 
that some distortion may have resulted from the non-uni‘orm heat flow 
density of the circularly symmetrical pulses used by the writer. Measure- 
ments are nearing completion here on overdriven second sound pulses of 
uniform heat flow density. 
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Erratum: The Infra-Red Spectrum and Molecular 
Constants of C!20'* and C4016 
[Phys. Rev. 72, 284 (1947)] 
ROBERT T. LAGEMANN,t ALVIN H. NIELSEN,Tt AND FRED P. DICKEY 


The Ohio State University, Columbus, Ohio 
May 11, 1949 


N error has recently been pointed out to the authors in 
Eqs. (13) and (14) which causes a numerical error in several 
of the constants in Table IV. The correct form of these equations 


is 
ee = — 3 [ 6Ri111— 15 (i112? /we) J 


ae — 6(B./we) [Bet kins (2B. /we)*]. (14) 


The correct values of the affected constants in Table IV are: 
Aun= — 123.79 cm", Ruy’ =— 119.68 cm7, 
Ri = 8.84 cm}, Rin’ = = 8.45 cm7}, 
Xe’ = 12.68 cm (calc.)*** w,’=2121.41 cm™ (calc.)* 
a’ =0.0164 cm (calc.)**** 


+ Emory University, Emory University, Georgia. 
tf The University of Tennessee, Knoxville, Tennessee. 


(13) 
and 





Addendum: Energy Spectrum of the Decay Par- 


ticles and the Mass and Spin of the Mesotron 
[Phys. Rev. 75, 1432 (1949)] 
RoBeErt B. LEIGHTON, CARL D. ANDERSON, AND AARON J. SERIFF 
California Institute of Technology, Pasadena, California 
May 16, 1949 


HE decay electrons originating in the copper-walled Geiger 
counter show a much greater ratio of negative to positive 
electrons (4 neg. and 8 pos.) than one would expect from mesotrons 
stopping in copper, where nuclear capture of a negative mesotron 
is highly probable. The high proportion of negative electrons 
observed is explained by the fact that a portion of the counter 
assembly contained beeswax in which some of the mesotrons may 
have decayed. 
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Proceedings of the American Physical Society 


MINUTES OF THE MEETING AT WASHINGTON, APRIL 28-30, 1949 


HE 1949 Spring Meeting of the American 
Physical Society, 292nd of the series, was held 
at Washington, D.C., on Thursday, Friday, and 
Saturday, April 28, 29, and 30, 1949. The kindness 
of the National Bureau of Standards in interceding 
with other departments of the Federal Government 
enabled us to use several large and commodious 
auditoriums—the Departmental Auditorium and 
those of the Departments of Commerce and In- 
terior; at other sessions we were the guests of the 
National Academy of Sciences, of the National 
Bureau of Standards, and of George Washington 
University. The wide dispersion of these meeting 
places was a disadvantage, which in the estimation 
of most of the members with whom the Secretary 
talked was more than counterbalanced by the ad- 
vanvage of the roominess of the halls. The labors of 
Hugh Odishaw and Claire Marton of the Local 
Committee were difficult and successful, and de- 
serving of all praise. The registration amounted to 
1181, a figure which is believed to be considerably 
below the actual attendance (many of our members 
probably never had occasion to go to the one hall 
where a registration desk was provided). In number 
of papers the meeting sank about 15 percent below 
the figure of last year, an unexpected and unex- 
plained reversal of the general trend. The weather 
was again delightful. 

A Symposium on Spectroscopy and Molecular 
Structure and a Symposium on Selected Topics in 
Nuclear Physics were presented, the former largely 
by R.S. Mulliken, and both under the joint sponsor- 
ship of the Office of Naval Research and the Ameri- 
can Physical Society. A Symposium on Atomic 
Frequency and Time Standards was arranged with 
the aid of Harold Lyons and Polycarp Kusch, and 
presented under the joint sponsorship of the Na- 
tional Bureau of Standards and the American 
Physical Society. Invited papers on the general 
programme were by L. W. Alvarez, F. J. Dyson, 
L. Marton, A. M. J. F. Michels, E. M. Purcell, and 
R. Serber. The titles of all of these papers are 
subjoined. 

One hundred and ninety-five contributed papers 
were distributed among eighteen sessions. The ab- 
stracts of these are printed hereinafter, and to them 
are added (with the numbers SP1 through SP5) 
five which, owing to an inexcusable mishap in the 
Secretary’s office, were not printed in the Bulletin; 


these papers were presented without prior an-. 


nouncement at suitable sessions. 
The banquet of the American Physical Society 
was held on the Thursday evening in the Ballroom 


of the Mayflower Hotel, with an attendance of 272. 
The principal after-dinner speech was delivered by 
E. U. Condon. Mrs. R. M. Bozorth and W. F. G. 
Swann played a cello-piano sonata of Brahms, and 
W. F. G. Swann and C. P. Swann a cello-bassoon 


sonata of Mozart. 

The Council met on the Saturday morning, and 
elected to Fellowship twenty-five candidates and 
to Membership 179 candidates, the names of whom 
are appended. 

According to reports reaching the office of the 
Society, we have lost through death the following 
members: C. L. Albright (Richmond University), 
H. W. Baldwin (Inyokern), L. C. Beers (Los 
Angeles), E. H. Colpitts (Bell Telephone Labora- 
tories, retired), C. K. Edmunds (Pomona), C. M. 
Olmsted (Buffalo), H. C. Rentschler (Westing- 
house, retired), and H. I. Treiber (Brooklyn). 


Elected to Fellowship: R. H. Bolt, H. C. Corben, E. Creutz, 
M. Deutsch, H. Feshbach, J. G. Fox, C. D. Goodman, H. 
D. Hagstrum, R. D. Heidenreich, C. Herring, E. Hiedemann, 
J. V. Hughes, W. E. Kock, J. S. Koehler, F. Matossi, R. 
J. Maurer, K. G. McKay, G. E. Moore, E. M. Pugh, J. N. 
Shive, A. M. Stone, R. B. Sutton, L. Tisza, A. H. White, 
L. Wolfenstein. 

Elected to Membership: Herbert W. Allison, Eugene S. 
Anolick, Robert W. Astheimer, Norman C. Barford, Keith 
H. Barker, Frederick O. Bartell, Grady W. Bartlett, Alden 
B. Bestul, Joseph L. Birman, Clayton F. Black, Seymour M. 
Bogdonoff, Jim T. Bracken, George E. Bradley, John K. 
Bragg, Rubin Braunstein, Fielding Brown, Richard H. Bube, 
James H. Burkhalter, Philip H. Cholet, Alfred H. Choy, 
Joseph M. Clifford, Jr., Donald R. F. Cochran, Sterling A. 
Colgate, John E. Coolidge, Jr., Horatio N. Crooks, George 
J. Crowe, Nancy W. Curtis, Jack T. Denison, Richard M. 
Diamond, William C. Dickinson, Ben C. Diven, Henry R. 
Dvorak, Nancy B. Easton, Bernard H. Eckstein, Ben Lee 
Ettelson, Paul Falk-Vairant, Ruben T. Farrar, Mae I. Fauth, 
Dennis D. Foley, Merrill E. Forney, Wilfrid L. Freyberger, 
Simeon A. Friedberg, Helen L. Friedman, Kurt O. Friedrichs, 
Sydney C. Furman, Sebastian J. Genna, Marvin H. Glauber- 
man, Clarence H. Goddard, Nathalie M. Goldowski, Paul 
Gombas, Morton M. Gordon, Paul Greebler, George W. 
Grimm, Kurt M. Guggenheimer, John Hale, Robert W. Hart, 
Hershel J. Hausman, Warren J. Heiman, David L. Hetrick, 
Louis N. Heynick, Clarence L. Hogan, Daniel E. Hooks, 
Victor D. Hopper, Gordon D. Hoyt, Frank P. Hudson, Eugene 
V. Ivash, Leonard D. Jaffe, Edgar G. Johnson, Robert H. 
Johnson, Renne S. Julian, David Kahn, Harold L. Kasnitz, 
Irving M. Katz, G. W. Keilholtz, Julian Keilson, Harry B. 
Keller, Leroy C. Kelly, Carl N. Klahr, George A. Klotzbaugh, 
Ralph D. Kodis, Seymour H. Koenig, Jack J. Kraushaar, 
Irvin M. Krieger, Matthew G. Krivor, Jack S. Krohmer, 
Robert D. Krohn, Robert A. Kromhout, Shea L. Kruegel 
(Mrs.), Norbert D. Larky, Ross G. Larrick, Finn J. Larsen, 
Fred G. LaViolette, Robert D. Lawson, Harlan E. Lenander, 
Enzo R. Levi, S. Benedict Levin, Hin Lew, Yin-Yuan Li. 
Arno Linder, Fred S. Linn, Jr., Frank G. Lynne, Earl B, 
MacNaughton, Frank E. Marble, John W. Marini, Roy J. 
Martin, Beatrice H. May, Michael McKeown, John H, 
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McQueen, Rudolf W. Meier, Eugene E. Merkel, Harold Metz, 
Louis Michel, Cornelius F. Murphy, Francis E. O’Meara, 
Barbara J. Palm, Hubert H. Patterson, Jr., Roy W. Paulson, 
a. Arnold Perlmutter, C. W. Peters, Richard L. Petritz, 
Joseph E. Piercy, Keith E, Polmanteer, Lewis A. Poole, Fred 
W. Pressey, Glenn A. ‘Price, Paul Rappaport, Harry L. 
Reynolds, Robert E. Richardson, Richard Rimbach, Bennett 
E. Robertson, Murray D. Rosenberg, Robert E. Rowland, 
Sol I. Rubinow, Emil Schafer, Adrian E. Scheidegger, Robert 
B. Schleicher, Ervin H. Schwarcz, Robert L. Scott, Daniel F. 
Seacord, Jr., Clay H. Seaman, E. Leigh Secrest, William P. 
Senett, Richard B. Shepard, Williston Shor, Keeve M. Siegel, 
Hilding Slatis, Harry D. Smith, Jr., W. I. Berry Smith, 
Leonard R. Solon, Charles P. Sonett, Spencer W. Spaulding, 
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Leo J. Sullivan, K. Nolen Tanner, Sol Tepfer, Dan A. Thomas, 
Donald L. Timma, Charles Tomer, Howard M. Uthene, 
George R. Utting, Viktor Vali, Henry D. Vasileff, Marcello 
L. Vidale, Ch. H. Voelker, Robert von Heine-Geldern, James 
E. Walker, Edward P. Warekois, John H. L. Watson, Cyril 
S. Watt, Joseph M. Weigman, Samuel Weisbaum, Carl H. 
Westcott, Gunter G. Wilkens, Thomas F. Wimett, Eric J. 
Woodbury, Will J. Worley, Charles S. Wright, K. A. Yama- 
kawa, Jay Zemel, Bruno H. Zimm. 


Karu K. Darrow, Secretary 
American Physical Society 
Columbia University 
New York 27, New York 


Symposium on Spectroscopy and Molecular Structure 


Where We Stand with Respect to Atomic Spectra. W. F. Meccers, National Bureau of Standards. 

Where We Stand in Respect to Spectra of Diatomic Molecules. G. HERZBERG, National Research 
Council (Canada). 

Where We Stand in Respect to the Electronic Structure of Molecules. R. S. MULLIKEN, University 
of Chicago. 

Where We Stand in Respect to Radiofrequency Studies of Molecular Structure. C. H. Townes, 
Columbia University. 

Spectra and Structure of Borohydrides and Related Compounds. H. C. Loncuet-Hiceins, Uni- 
versity of Chicago. 

The Vibrational Spectrum of the Ethylene Molecule. B. L. Crawrorp, University of Minnesota. 

Selection Rules for Infra-Red and Raman Spectra of Molecular Crystals. D. F. Hornic, Brown 
University. 

Some Recent Results on Molecular Structure Obtained by Means of the Raman Effect. D. H. 
RANK, Pennsylvania State College. 

Fluorescence and Phosphorescence Spectra of Organic Molecules. MicHaEL Kasua, University 
of California (Berkeley). 


Symposium on Selected Topics in Nuclear Physics 


Scattering of Neutrons and Protons and the Range of Nuclear Forces. H. A. BETHE, Cornell 
University. 

Proton-Proton Scattering. R. G. HERB, University of Wisconsin. 

Scattering of Protons by Helium 4. C. L. CrITCHFIELD, University of Minnesota. 

Interpretation of Recent Experiments with Protons on Lithium. R. F. Curisty, California Institute 
of Technology. 

Gamma-Ray Spectroscopy. THoMAS LAURITSEN, California Institute of Technology. 

Recent Results with the Slow-Neutron Spectrometer at Columbia University. L. J. RAINWATER, 
Columbia University. 

Recent Progress in the Understanding of Beta-Ray Disintegration. E. P. WIGNER, Princeton 
University. 

Radioactivity of Carbon 10 and Oxygen 14. M. G. WHITE, RuBBy SHERR, AND HERBERT MUETHER, 
Princeton University. 

A Survey of the Energy-Levels of Radioactive Nuclei. A. C. G. MITCHELL, Indiana University. 

Deep Energy Levels in Nuclei from Neon to Calcium. E. C. PoLLarp, Yale University. 


Symposium on Atemic Frequency and Time Standards 


Astronomical, Radioactive, and Atomic Time. GEorGE Gamow, George Washington University. 

Primary Time Standards in Astronomy. G. H. CLEMENCE, U. S. Naval Observatory. 

The Present Status of Astronomical Time Standards. PauL SoLLENBERGER, U. S. Naval Observatory. 

The Atomic Clock of the National Bureau of Standards. Harotp Lyons, National Bureau of 
Standards. 

Ultimate Accuracy of an Atomic Clock Using Absorption Lines. C. H. Townes, Columbia University 
and National Bureau of Standards. 

Some Design Considerations of an Atomic Clock Using Atomic Beam Techniques. PoLycaRP 
Kuscu, Columbia University and National Bureau of Standards. 


Invited Papers on the General Programme 


Recent Experimental Work at the Berkeley Radiation Laboratory. L. W. ALVAREZ, University of 
California, Berkeley. 
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Recent Developments in the Quantum Theory of Fields. F. J. Dyson, Institute for Advanced Study. 
Field Mapping by Electron-Optical Methods. L. Marton, National Bureau of Standards. 
High-Pressure Experiments and Molecular Physics. A. M. J. F. MicHexs, University of Amster- 


dam, Holland. 


Progress in the Study of Nuclear Magnetic Resonance Since the 1949 Symposium at Washington. 


E. M. Purce.., Harvard University. 


Interpretation of High-Energy Experiments at the Berkeley Radiation Laboratory. ROBERT SERBER, 


University of California, Berkeley. 


Apparatus of Nuclear Physics; Gyro- 
magnetic Ratios 


Al. The Design and Construction of the Cornell Syn- 
chrotron.* Boyce D. McDANIEL, JoHN W. DEWIRE, DALE R. 
Corson, AND ROBERT R. WILSON, Cornell University.—The 
synchrotron is designed to accelerate electrons to 300 Mev. Its 
circular magnetic guide field is provided by 24 C shaped lami- 
nated magnetic yokes. These are located radially on an orbit 
radius of 1 meter with the gaps facing inward. The glass- 
walled vacuum chamber provides a usable aperture of 5’ X 1}’”. 
Electrons are initially accelerated by betatron action that is 
produced by magnetic shunts which bridge the gaps of the C 
sections. These shunts begin to saturate when the electrons 
have reached 2 Mev and at this time the synchrotron cavity 
resonator is turned on. The resonator is a shorted quarter-wave 
coaxial line in which the vacuum wall serves as the dielectric 
between the inner and outer conductor. Corning Type 707 
glass is used for the wall in the resonator and the conducting 
surfaces are formed by laminated electro-plated silver. The 
magnet is excited at 60 c.p.s. by a synchronous motor-generator 
set and is resonated with a condenser bank. Because of the non- 
linearity of the magnetic circuit, a variable reactor is used in 
parallel with the generator to maintain a unity power factor 
load while the magnet is being raised to full excitation. 


* Supported by the ONR. 


A2. Initial Performance of the Cornell Synchrotron.* D. R. 
Corson, C. P. Baker, J. W. DEWrrE, B. D. McDANIEL, 
C. D. Swartz, R. L. WALKER, R. R. WiLson, AND W. M. 
WoopwarbD, Cornell University.—The Cornell synchrotron has 
been in operation since January 3, 1949, with a maximum 
electron energy of 120 Mev. Numerous unforeseen problems 
had to be solved before the betatron action operated properly. 
Foremost among these were radially dependent phase shifts in 
the magnet gap flux which produced an incorrect radial de- 
pendence of the flux at injection time. This trouble has been 
minimized with controllable currents in annular correction 
coils located in the gap. Azimuthal phase variations are cor- 
rected by windings arranged on the magnet C’s so as to permit 
first, second, and third azimuthal harmonic corrections to be 
made. Our flux bar design proved to be more than adequate 
and flux measurements served to locate the betatron orbit 
within the donut. The betatron beam was first found, after six 
weeks of searching, with an internal scintillation detector. The 
synchrotron beam, first detected with the same arrangement, 
has been maximized with external detectors. Sparking and 
heating in the r-f resonator limit our electron energy to its 
present value. The pressure, measured with an ionization 
gauge near one pump, must be less than about 5X10-§ mm 
before the betatron beam can be accelerated. The visible 


. radiation from the electron beam has been observed. 


* Supported by the ONR. 


A3. Magnetic Measurements on the M. I. T. 300-Mey 
Electron Synchrotron.* J. S. CLARK, W. W. DRakE, C. Y, 
Tsao, Massachusetts Institute of Technology—The measure- 
ments fall into three main categories: (1) the fulfillment of the 
requirements of the equation ¢ = 27R¢*Bo during the early part 
of the cycle, (2) the shaping of the magnetic field in accordance 
with B=Bo(ro/r)" where 0.5<n<1.0 throughout the first 
quarter cycle, and (3) the limitation of the azimuthal variation, 
Transients which occur during the first part of the cycle under 
pulsed operation necessitate back-biasing of 75 gauss. The con- 
ditions required by (1) above are met by shimming of the flux 
bars on each pole and by adjustment of the current in windings 
enclosing all the flux bars. The value of is determined by the 
use of peaking strips and bucking matched coils; the former 
yielding values during the first 30 microseconds. Correction of 
nis accomplished by forcing current through concentric wires 
spaced one inch apart in the gap. 


* Assisted by the joint program of the ONR and the AEC. 


A4. Shielding Material for High Energy Accelerators. E. 
Creutz, Carnegie Institute of Technology.—Desirable prop- 
erties of material in radiation shields for high energy nuclear 
particle accelerators include (1) high density, (2) high atomic 
weight, (3) appreciable hydrogen content, and (4) low cost. 
Most accelerators are shielded with rather standard concrete, 
emphasizing (4) above (1), (2), and (3). Concrete containing 
only magnetite concentrate, cement, and water can have 
density of 200 lbs. per cu. ft., 3000 Ibs. per sq. in., 28-day 
compressive strength, and 10 percent moisture. Effect is to 
reduce over-all cost of project because of space saved. Moisture 
content drops to 2 percent with indoor exposure. Diffusivity of 
moisture has been measured and methods of reducing moisture 
loss studied. 


AS. Ceramic Materials for Synchrotron Vacuum Tubes.’ 
J. E. Toomas, Jr., W. M. SHAKESPEARE, JR., B. COHEN, R. B. 
PaTTEN, AND V. P. HENRI, Massachusetts Institute of Tech 
nology.—Several ceramic bodies composed of talc, clay, and 
titanates, suitable for slip casting or dry pressing, have been 
developed. Method of kiln setting is critical in preventing de- 
formation during firing. Firing temperatures are near 1200°C. 
The resultant ceramics are vacuum tight. Their rupture 
modulus is about 17,000 p.s.i. Dielectric constants vary from 
7.3 to 18.5 depending on titania content, with loss tangents 
less than 0'001 at 45 mc. The tube for the M.I.T. Synchrotron 
is made in twelve sections. The ends are precision machined 
with water cooled diamond tools and joined with thermoplastic 
resin cement (Vinylite Solution T-24-9, Bakelite Corporation). 
Cemented joints are as strong as the ceramic and do not leak, 
if adjacent surfaces are parallel to within 0.001 in. The r-{ 
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resonator is one of the twelve sections. Material of dielectric 
constant 9.0 is used. Several successive coats of a fired-on silver 
compound (Silver Paste 4731, E. I. Du Pont) are applied. 
After the silver has been laminated to reduce 60-cycle eddy 
currents, observed ‘‘Q”’ varies between 375 and 450, in good 
agreement with theory. 


* Assisted by the joint program of the ONR and the AEC. 


A6. Fast Electron Tracks in Nuclear Emulsions. W. VAN 
DER GRINTEN, General Electric Company.—Photomicrographs 
of electron tracks in the 0.5-50-Mev region, using experimental 
NTB3 emulsions and standard methods of processing will be 
presented. Electron energies were determined from multiple 
scattering data and in some cases from magnetic deflections. 
Grain counts can be made at all energies including those pro- 
ducing minimum ionization. Preliminary measurements on the 
variation of grain density with electron energy will be discussed. 


A7. Automatic Grain Counting of Tracks in Nuclear Emul- 
sions. P. V. C. HouGcu,* Cornell University.—An instrument 
has been developed which records the density of tracks in 
nuclear emulsions as a function of residual range. Results are 
closely comparable with those of visual counting, with the 
advantages of considerably greater ease and complete ob- 
jectivity. A microscope, used at magnification 760 X, images at 
the photo-cathode of a photo-multiplier a rectangle about 
$4 12y at the emulsion (wider for measuring tracks of heavy 
nuclei) which is made optically to rotate, and oscillate along a 
line normal to the track, while the track is driven longitudi- 
nally past the microscope at 240u/min. In this way the ob- 
server needs only to adjust the focus and make gross changes in 
lateral position in counting a track. A background which is 
higher than in visual counting due to greater depth of focus at 
present limits measurement to tracks of density greater than 
about $ grain per micron, but there is no restriction at the high 
grain density end as with visual counting. Background grain 
density is automatically subtracted and the variations in the 
background recorded so that spurious variation in track density 
of this origin may be assessed. Quantitative results will be 
presented. 


* Eastman Kodak Company Fellow. 


A8. Corrections to the Range-Energy Curves for Alpha- 
Particles and Protons. WILLIAM P. JESSE AND JOHN SADAUSKIS, 
Argonne National Laboratory.—A preliminary measurement of 
the ratio of the total ionization for the individual alpha- 
particles from samarium and polonium in argon and in air 
shows the ratio Sm/Po to be about 5 percent less in air. If we 
assume a fairly constant proportionality between alpha- 
ionization and alpha-particle energy in argon, these results 
would indicate a distinct lack of such proportionality in air. 
Since the alpha-range-energy curves in current use are in 
reality range-ionization in air curves, one can explain why such 
curves give too low energy values corresponding to measured 
ranges in the region 1-3 Mev, as in the reaction B!°(n, a)Li’. 
From our results corrections have been applied in this region to 
the Halloway-Livingston curve. The corrected curve agrees 
much better with experimental data. Since above 0.3 Mev the 
Livingston-Bethe proton range-energy curve was derived, with 
some uncertainties, from the alpha-curve, any change in the 
latter necessitates a change in the former. The corrected proton 
curve is slightly higher in energies than the old one, the 
correction, for instance, being about 20 kev for range 1 cm. 


A9. Further Data on the Spin Gyromagnetic Ratio of the 
Electron. A. K. MANN AND P. Kuscu, Columbia University.— 
The atomic beam magnetic resonance method has been used to 
compare the gy values of In in the *P 3/2 and *P 1/2 states in order 
to obtain a value of the spin gyromagnetic ratio of the elec- 


tron.* For this purpose new measurements of the magnetic 
dipole and electric quadrupole interaction constants of the 
*P3;2 state were made. The determination of the gy ratio in- 
volved only the measurement of frequencies of lines in the h.f.s. 
spectra of both states at constant magnetic field. Lines with 
widely different frequency dependence on field were selected to 
avoid systematic errors arising from inhomogeneities in the 
field. The result of these measurements is g7(?P3/2)/g7(?P 1/2) 
= 2(1.00200+0.00006). Assuming Russell-Saunders coupling, 
and gz=1, the spin gyromagnetic ratio of the electron may be 
calculated. The result is g,=2(1.00133+0.00004), which is to 
be compared with the value g.=2(1.00119+0.00005) obtained 
by Kusch and Foley. The discrepancy is greater than the sum 
of the experimental errors. The *P 1,2 state of In is believed to be 
free of significant perturbations which might affect the total 
electronic g value. However, in view of possible perturbations 
of the *P3/2 state, the agreement must be considered as very 
good. The present results confirm the conclusion of previous 
experiments both as to the existence of the effect and as to its 
approximate magnitude. 


* P, Kusch and H. M. Foley, Phys. Rev. 74, 250 (1948). 


Al10. Amplitude Bridge for Nuclear Resonance Detection. 
R. D. Huntoon anp H. A. THomas.—An amplitude bridge, 
sensitive only to the absorption component of nuclear mag- 
netic resonance, offers advantages in applications where 
simplicity, ease of adjustment, and freedom from microphonics 
are more important than minimum noise figure. The voltages 
in two branches of an r-f network, one containing the sample, 
are rectified by diode detectors whose rectified outputs are 
balanced against each other to suppress oscillator noise and 
hum. The absorption signal is amplified to useful level by a 
simple audio amplifier. As expected, the noise figure is high, 
but peak signal to r.m.s. noise ratios of over 100 have been 
attained. The most striking feature is the freedom from 
microphonics. Performance data and noise figures for crystal 
diodes and high vacuum diodes will be presented. 


All. Nuclear Gyromagnetic Ratios. JoHn R. ZIMMERMAN 
AND DUDLEY WILLIAMS, Ohio State University.—By a method 
involving super-regenerative oscillators we have observed mag- 
netic resonance absorption by seventeen nuclear species. The 
absorption frequencies of various nuclei have been measured in 
a magnetic field in which the proton frequency was measured 
simultaneously. Results for twelve nuclei are listed in the 
accompanying table. 

Ratio of resonance 


frequency to proton 
_ frequency in same 


Nucleus magnetic field 
H? 0.15355 +0.03% 
Li? 0.38865 +0.01% 
Bu 0.32074 40.03% 
Fie 0.94086 40.02% 
Na® 0.26454 40.03% 
Al?? 0.26064 40.04% 
Cus 0.26515 40.02% 
Cuss 0.28404 40.03% 
Br? 0.25059 40.02% 
Brit 0.27014 +.0.02% 
Rb#? 0.32718 40.05% 
yu 0.20003 +0.03% 


Cosmic Rays 


B1. Laboratory Coincidence, Anti-Coincidence Unit. C. A. 
SCHROEDER, J. D. SHIPMAN, JR., AND P. R. McCray, Naval 
Research Laboratory.—A laboratory unit for detection and 
recording of coincidence and anti-coincidence events from 
counter tubes has been developed. The unit employs diode 
coincidence circuits! which are so arranged that by use of a 
switch board the electronic circuits for most counter experi- 
ments can be set up in a short time. Six sets of input leads are 
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available, each of which may be connected to a counter. Six 
output channels furnish to recorders as many independent sets 
of data. Any desired six of a great variety of coincidence and 
anti-coincidence events may be recorded. The coincidence re- 
solving time is approximately 5 microseconds. 


1 Howland, Schroeder, and Shipman, Rev. Sci. Inst. 18, 551 (1947). 


B2. A Test Set for Measurement of Dead Time and Re- 
covery Time of Counters. K. SiTTE, Syracuse University.— 
A simple laboratory test set is described which permits a quick 
determination of dead time and recovery time of counters. The 
counter pulse, after passing a preamplifier, is fed into a me- 
chanical recorder through a discriminator. This part of the 
arrangement can be set to record pulses of varying minimum 
size. For the actual measurements, the recorder is biassed off 
except for a variable short time after each pulse. This is done 
by a multivibrator of the Maier-Leibniz type.1 Only pulses 
following the first within this short interval are thus registered, 
and by making the discriminator pass full-sized pulses only, or 
smaller pulses, the time required for full or partial recovery is 
quickly determined. This method has been found very con- 
venient for routine counter tests. Some applications, especially 
to aged counters, will be described. 


1 Maier-Leibniz, Rev. Sci. Inst. 19, 500 (1948). 


B3. Search for Systematic Variations in Cosmic-Ray In- 
tensity Predicted on the Basis of a Permanent Solar Magnetic 
Moment. S. E. ForsusH AND I. LANGE, Carnegie Institution 
of Washington.—M. S. Vallarta and O. Godart pointed out 
[Rev. Modern Phys. 11, 180 (1939) that certain small peri- 
odic variations in cosmic-ray intensity would be expected if the 
sun has the permanent magnetic moment of 10“ gauss-cm? 
which would explain the knee of the latitude effect. They 
pointed out that if the solar moment is sufficiently inclined to 
the sun’s axis of rotation, then the solar cut-off energy would 
vary with a period of about 27 days, leading to a periodic 
27-day variation in intensity. From the inclination of the sun’s 
axis of rotation to the ecliptic, Vallarta and Godart estimated 
that a variation in intensity with period of six months would be 
expected whether or not the rotational and.magnetic axes of 
the sun coincide. Data from several Compton-Bennett ioniza- 
tion chambers obtained over a period of ten years or more have 
been subjected to statistical analysis to determine whether 
there is evidence for the existence of such periodic variations. 
The principal 27-day variation is found to be the quasi-periodic 
27-day recurrence tendency well known in terrestrial magnetic 
activity. The amplitude of the periodic 27-day variation is only 
about 0.1 percent and this is found too small to be regarded as 
statistically significant. The six-month variation derived from 
data at three stations was found to have an amplitude of 0.1 
percent which, though in approximate agreement with theory, 
is too small to be regarded as statistically significant. 


B4. Correlation of Cosmic-Ray Geomagnetic Effects.* H. V. 
NEHER, California Institute of Technology.—In a B-29 flight at 
30,000 feet (3.10 m of water equivalent) to Peru and return, 
the intensity of cosmic rays at 45° toward the east and the west 
as well as at the vertical was measured continuously with 
counter telescopes from geomagnetic latitude 64° north to the 
equator. These measurements were made with no lead, 10 cm 
and 20 cm lead absorber. In addition the variation in azimuth 
at 38,000 ft. over Peru (2.35 m of water equivalent) was also 
measured for zenith angles of 224°, 45°, and 673°. An attempt 
is made to correlate the calculations of Vallarta and others on 
the behavior of charged particles in the magnetic field of the 
earth with the measured latitude effect, azimuthal effect, and 
east-west effect. It is concluded that under the assumption of 
only one kind of incident, positively charged primary particle 
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that the theoretical calculations and the experimental results 
are in agreement. 


ont work was supported in part by the joint program of the ONR and 


BS. A Search for Cosmic-Ray Diurnal Effects at Rocket 
Altitudes. G. J. PERLOw, C. W. KIssINGER, AND C. A, 
SCHROEDER, Naval Research Laboratory.—An experiment was 
performed to investigate a possible diurnal effect in the cosmic 
radiation at rocket altitudes. Identical apparatus was carried 
in two rockets, one launched in daylight and one the following 
night. The apparatus consisted of a central vertical counter 
tube surrounded by a closely packed ring of vertical counters, 
the latter being connected in parallel. Coincidences between 
the outer ring and the central counter determined the intensity 
of ionizing rays, while anti-coincidences gave the intensity of 
y-radiation in the energy range 0.08-5 Mev approximately, 
The apparatus accepted radiation from all directions, above 
and below. The curve of ionizing radiation versus altitude 
showed the usual shape with a maximum at 20 km and was the 
same for day and night. The y-radiation increased to a maxi- 
mum at a slightly lesser altitude, and dropped off to a plateau 
with increasing altitude. No significant difference was observed 
between night and day. Some, if not all, of the y-ray plateau is 
to be attributed to diffusion back from the atmosphere. In a 
copper-walled counter of 0.9-mm wall thickness the soft y-ray 
counting rate above the atmosphere is 7 percent of the 
counting rate due to all radiation. 


B6. Gamma-Rays in the Primary Cosmic Radiation. C. W. 
KISSINGER, C. A. SCHROEDER, AND G. J. PERLow, Naval Re- 
search Laboratory.—In the daytime rocket of the previous 
abstract, a counter telescope was installed to measure the 
vertical y-ray intensity in a higher energy range. Two thin-wall 
counters in coincidence counted electrons of sufficient energy 
to penetrate a copper absorber 1.8 mm thick placed between 
them. The electrons were formed by y-ray conversions in a 
semi-cylindrical lead annulus 6.3 mm thick placed above the 
counters. Ionizing radiation was excluded by requiring anti- 
coincidence with a tight row of counters covering the annulus. 
The highest energy measurable was limited by 2.3 cm of lead 
below the twofold set and a row of anticoincidence counters 
below this. The instrument was sensitive to y-rays in the energy 
range 2.5-70 Mev approximately. The y-ray counting rate was 
determined as a function of altitude. Ionizing rays through the 
twofold telescope were registered for comparison. The y-ray 
intensity reached the expected maximum and diminished toa 
plateau at greater altitude. At 60 km, the ratio of non-ionizing 
to ionizing vertical counting rates was 6 percent before applica- 
tion of corrections for instrumental effects. The corresponding 
ratio on the ground was 12 percent. 


B7. Further Results in the Search for Electrons in the 
Primary Cosmic Radiation.* RoBEert I. Hutsizer, Massa- 
chusetts Institute of Technology.—The experimental results re- 
ported last June have been substantiated by further measure- 
ments which were extended to include bursts (under 2.5 cm of 
lead) corresponding to 30 high energy electrons traversing the 
chamber as opposed to 80 for the earlier measurements. This 
change was made because the energy assigned to the incident 
electron responsible for the larger bursts should have been 10" 
ev rather than 4X 10° ev. With a brass chamber wall 0.6 g cm 
thick, an electron of 5X 10° ev incident on the lead would cause 
30 electrons to traverse the chamber. The rate of bursts of this 
size observed at an atmospheric depth of 27 g cm was 
4580+100 hr.-'. A directional intensity of 0.0082 particles 
cm~ sec.~! sterad™ is estimated from this rate for the burst 
producing radiation. As much as 15 percent of the bursts are 
due to stars rather than electron showers, while preliminary 
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measurements indicate that some of the bursts due to electron 
showers are not caused by electrons incident on the lead, but 
by electrons produced in the lead by a more penetrating 
radiation. 


* This work was supported by the joint program of the ONR and the 
AEC. 


B8. Momentum Spectra and Positive Excess of Cosmic 
Ray Particles at 11,000 Feet.* Cuar_es E. MILLER, JOSEPH 
E. HENDERSON, D. S. PoTtTEeR, Jay Topp, Jr., AND A. W. 
WotrRING, University of Washington.—About 18,000 counter 
controlled cloud-chamber photographs have been obtained at 
Climax, Colorado (elevation 11,200 ft.). Field strengths of 
8200 and 10,000 gauss were used with a chamber diameter of 
17 cm. Data were taken with no absorber and with five and 
twenty cm of lead above the chamber. Curvatures of all singly 
occurring and apparently counter controlled tracks of length at 
least 85 percent of the chamber diameter are being measured 
first. Measurements have been completed for approximately 
one-fourth of the total data. This incomplete, but still fairly 
extensive information, shows for the no absorber case a mo- 
mentum distribution that rises sharply below 350 Mev/c and 
has maximum at 500 Mev/c, while those tracks obtained 
under five cm of lead show a rapid decrease in numbers below 
350 Mev/c. Tracks under five cm of lead show a positive 
excess of 1.6 in the range from 0 to 2000 Mev/c. Preliminary 
examination of the entire data shows that about 2 percent of 
the tracks correspond to more than minimum ionization and 
have curvatures commensurate with protons. 


* Supported by the Bureau of Ordnance, Navy Department. 


B9. On the Neutrons in the Atmosphere.* J. A. Stimpson, 
Jr., H. W. BALDWIN, AND R. B. UREtZ, University of Chicago. 
—Measurements of the slow neutron density in the atmosphere 
have been made at 30,000 feet pressure altitude in a B-29 
aircraft tail section free from materials of high atomic number 
and, therefore, corresponding to free-space measurements. The 
slow neutron density has the same latitude dependence as that 
found earlier for the fast neutrons (for example, a 2.5 fold in- 
crease in intensity between the magnetic equator and 40° north 
magnetic latitude at 30,000 feet). Using enriched BF; pro- 
portional counters, the ratio of neutron densities between an 
unshielded and a cadmium shielded counter was approximately 
2.0 to 2.1 at the magnetic equator and at 40° north magnetic 
latitude in agreement with earlier measurements! at the higher 
latitudes. Preliminary measurements have been made of the 
shape of the neutron density latitude curves in the region of 
40° to 62° north magnetic latitude in winter and summer. It 
appears that significant time-dependent changes in the neutron 
density are observed at latitudes above approximately 40°. 
A well defined bend or “‘knee’’ exists with a maximum curva- 
ture at approximately 50° north magnetic latitude for 30,000 
feet altitude. 


* This work was supported in part by the ONR. 
1 Agnew, Bright, and Froman, Phys. Rev. 72, 203 (1947). 


B10. Distribution of Slow Neutrons in Free Atmosphere 
up to 102,000 Feet.* Luke C. L. Yuan, Princeton Uni- 
versity.—The measurements of slow neutrons in the free 
atmosphere as reported up to an altitude of 67,000 feet! have 
been extended to 102,000 feet. The same exponential increase 
of slow neutrons with altitude and the same maximum at about 
8.5 cm pressure as before was obtained, but the number of 
counts were more than 2 times as large corresponding to higher 
density of enriched boron in the counters. Passing the maxi- 
mum, the slow neutron intensity drops sharply and reaches at 
0.75 cm pressure nearly one-fourth of its maximum value. By 
determining the counter efficiency, the absolute value of the 
slow neutron intensity has been determined.: The absolute 


value of the slow neutron production rate in the atmosphere, 
based on the neutron intensity obtained, will be compared 
with the rate of production of protons from stars in the 
atmosphere. 


* Assisted by the joint program of the AEC and the ONR. 
1L. C. L. Yuan, Phys. Rev. 74, 504 (1948). 


Bll. The Properties of Cosmic Radiation in the Lower 
Atmosphere.* Martin A. PoMERANTZ, Bartol Research Foun- 
dation.—Experiments performed previously with apparatus 
carried to very high altitudes by free balloons have been con- 
ducted in the lower. portion of the atmosphere. Two different 
instruments were operated in a B-29 airplane, and at Mt. 
Evans, Colorado. Absorption curves in lead, up to a thickness 
of 18 cm, were obtained at 14,260 feet, 25,000 feet, and 30,000 
feet. Intensity vs. altitude curves for the lower regions of the 
atmosphere may now be combined with those for very high 
altitudes without an arbitrary normalization. A direct com- 
parison has been made between the present measurements and 
those of others regarding the relative change of intensity be- 
tween sea level and Mt. Evans, and the absorption in lead at 
Mt. Evans. Factors for the conversion of all of the data to 
absolute intensities have been determined utilizing a y-ray 
howitzer method for measuring the effective length of a G-M 
counter. Satisfactory agreement is noted between values of the 
absolute intensity previously measured by others at sea level 
and at Mt. Evans, and those reported herewith. The absolute 
intensity of cosmic-ray particles near the ‘“‘top of the atmos- 
phere” at geomagnetic latitude 52°N is given as 10.10.20 
particles/min./cm?/unit solid angle. 


* This work was assisted by the joint program of the ONR and the AEC, 


B12. Soft X-Radiation in the Upper Atmosphere. T. R. 
BurRNIGHT, Naval Research Laboratory.—A simple experiment 
consisting of small casettes containing photographic films and 
plates behind thin aluminum and beryllium windows of various 
thicknesses have been flown in a number of rockets at White 
Sands. On August 5, 1948 such an experiment obtained ex- 
posures through .076 cm beryllium windows indicating an 
unexpected intensity of radiation of wave-length shorter than 4 
angstroms. On November 18, 1948 an experiment with .00076 
and .00153 cm thickness aluminum and .0254 cm beryllium 
windows was flown with no indication of x-rays being obtained. 
On December 9, 1948 an identical experiment obtained ap- 
preciable blackening through .00076 cm aluminum windows 
but not through .0254 cm beryllium windows. The sun is 
assumed to be the source of this radiation although radiation of 
wave-length shorter than 4 angstroms would not be expected 
from theoretical estimates of black body radiation from the 
solar corona. A semiquantitative determination of the intensi- 
ties indicated has been made, and the possible correlation with 
solar activity at the time of firing will be presented. 


B13. Observations at High Altitudes of Extreme Ultra- 
violet and X-Rays from the Sun. J. D. PuRcELL, R. Tousgy, 
AND K. WATANABE.—A phosphor of CaSO, and MnSQ, was 
shown by Lyman! to be thermoluminescent after exposure to 
extreme ultraviolet radiation of wave-lengths shorter than 
1300A. This sensitivity has now been found to extend also to 
x-rays. Samples of this phosphor were carried in V-2 rockets on 
November 18, 1948 and February 17, 1949 to altitudes of 90 
and 79 miles. They were exposed to radiation from the sun for 
approximately 3 minutes. Some were bare and some were 
covered with filters of CaF2, LiF, and beryllium. After recovery 
the several phosphor strips were heated and the thermo- 
luminescence measured by means of a photomultiplier. A 
positive result was obtained in each case. Approximately 75, 4, 
and $ of the thermoluminescence observed for the phosphor 
without a filter was recorded for the phosphors covered with 
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the Be, CaF, and LiF filters, respectively. This is considered to 
be a direct observation of the presence at high altitudes of a 
considerable intensity of solar radiation in wave-length regions 
between 1300 and 1230, 1230 and 1100, and below 1100A. The 
positive indication through Be can be explained only by the 
presence of x-rays. 


1T. Lyman, Phys. Rev. 48, 149 (1935). 


Heat and Cold 


C1. A Non-Linear Problem in Transient Heat Flow. BRUCE 
L. Hicks, Ballistic Research Laboratories—In a simple theory 
of thermal ignition of a solid one requires a solution u(é, 7) of 
the system u,=uge+exp(—1/u); —u(0, r)=H[u,—u(0, r)] 
>0; u(é,0)=u; ugp>0, E+; E20, r>0. The parameters 
u, H, and u, correspond to initial temperature, heat transfer 
coefficient, and gas temperature. Of special interest is the time 
Tig required for the surface temperature u(0, 7), under the in- 
fluence of internal heat sources exp(—1/u) and of external 
heating from the gas, to rise to the value 0.05, measured in 
units of (E/R). Numerical integrations have been performed in 
the Ballistic Research Laboratories’ Computing Laboratory 
for various combinations of the three parameters. Since the 
calculations were time consuming (about 3X10‘ net points 
used in computations with desk machines and the Bell Relay 
Computer), an approximate analytical derivation of the de- 
pendence of 7;, upon u, H, and u, was developed. Thus a 
function v(é, 7) was found which satisfied the system with the 
exponential term omitted. The value of rig was then de- 
termined from the implicit equation exp[—1/v(0, rig)] 
=avz2(0, rig) for several values of each of the three parame- 
ters. When a =4.0 the values of zi, computed in this way differ 
by less than 20 percent from the values obtained by numerical 
integration even though ri, varies from 10® to 10%”. 


C2. Large Diameter “‘Hilsch Tubes.” LEsTER I. Bock- 
STAHLER AND HARMON PLuMB, Northwestern University.— 
preparatory to using the ‘“‘Hilsch tube” as a “‘heat separator” 
at high pressures (150 atmos.), an experimental study was 
made of models several times larger than those reported by 
Hilsch! and by Johnson.? Particular attention was given to 
designs favoring the initiation of the centrifugal or vortex 
motion of the entering gas. Eccentric deflector rings with 
varying number of turns and different pitch were used to 
direct the spiral flow. The maximum cooling for most favorable 
disposition and size of nozzle, diaphragm, and flow rates was 
38°C. This compares favorably with values reported for smaller 
tubes. 

1R. Hilsch, Z. Naturforsch. 1, 208 (1946); R. Hilsch, Rev. Sci. Inst. 18, 


108 (1947). 
2 Johnson, Can. J. Research 25, Section F, 299 (1947). 


C3. The Temperature Variation of the Thermal Diffusion 
Constant of HCl. Gwynne B. Swartz, Yale University.*— 
“Two-bulb” thermal diffusion experiments have been per- 
formed in which a variation in the thermal diffusion constant 
for HCI gas has been observed over a range of temperature 7, 
from 240°K to 560°K. The results show a “softening” of the 
HCI molecule as the temperature decreases, and also a reversal 
in the sign of a at about 485°K. The variation in a is linear 
with respect to the logarithm of 7; to within the limits of ex- 
perimental error. The overall agreement with the Lennard- 
Jones 9,5 model is quite good; in particular the reversal point 
of 485°K is very nearly equal to 1.54 times the critical temper- 
ature, 324°K, as predicted by the 9,5 model. 


* Now at University of Maryland. 


C4. Emittances of Copper and Aluminum Spheres. Grorcg 
Best (Introduced by Lester I. Bockstahler), Northwestern 
University.—T he total hemispherical emittances of copper and 
aluminum spheres were determined over the range of tempera- 
tures from 100°C to 400°C. The spheres were heated electrically 
from within and were placed concentrically in an evacuated 
spherical flask which was kept at constant temperature by the 
circulation of ice water over its outer surface. The specimens 
had a diameter of 4.5 cm and the flask a diameter of 28 cm. 
Temperatures of the spheres were measured on the inner sur- 
faces with copper-constantan thermocouples; since the wall 
thickness was of the order of 0.3 mm, the inner and outer 
surface temperatures were assumed the same. Heat losses 
through the thermocouple and power leads were evaluated bya 
substitution method. Polishing was done mechanically using a 
modified metallographic procedure with levigated alumina, 
The results were reproducible over the range of temperatures 
but varied somewhat from published values obtained by other 
methods. 


C5. The Transformation Theory of Thermodynamics. H. C. 
CorBEN, Carnegie Institute of Technology.—For a one com- 
ponent reversible system acted upon by hydrostatic forces, the 
first two laws of thermodynamics may be regarded as pre- 
scribing a contact transformation from the PV plane to the 
T'S plane generated by the internal energy U, the pressure and 
temperature playing the roles of momenta conjugate to the 
volume and entropy, respectively. Alternatively, the enthalpy 
and Helmholtz and Gibbs free energies may be regarded as 
generators of this transformation. With a periodic process we 
may associate an action integral J = § Pd V, although the work 
done in a non-periodic reversible change appears’as a quasi- 
coordinate. The analogy with mechanics may be extended by 
introducing Poisson bracket expressions, which are invariant 
under the transformation, and in terms of which observable 
thermodynamical variables may be expressed. The theory 
leads to a systematic method of listing the many partial 
differential equations of thermodynamics which is essentially 
equivalent to the Jacobian method of Shaw.! Lagrangian and 
Hamiltonian formalisms may be developed, and the method 
may be extended to many-component systems under general- 
ized stresses, where the masses of the various components be- 
come additional coordinates to which the chemical potentials 
are conjugate momenta. 


1A. N. Shaw, Phil. Trans. Roy. Soc. A234, 299 (1935). 


C6. Thermodynamics: The Meaning of the First Law, and 
Its Relation to the Behavior of Material Systems. J. L. Finck, 
The J. L. Finck Laboratories.—In previous papers the writer 
developed the concept of a complete system. Such a system is 
defined by # independent variables, where is the minimum 
number required to define all the properties of the system com- 
pletely. In this paper he shows that the equation E=¢(a, -*:, 
an), where E is the energy of the system, is equivalent to the 
statement of the first law in its broadest sense. It is shown that 
systems which are treated mathematically by a set of Hamil- 
tonian equations are actually incomplete systems, and they are 
but special cases of the most general system covered by the 
above equation. For a complete system it is shown that 
friction, viscosity, electric resistance, magnetic reluctance, and 
thermal conductivity will all vanish. The thermodynamics of 
compressible fluids, mechanically oscillating systems, and 
chemical systems are considered from the standpoints of the 
system being complete and incomplete. Also, equilibrium and 
stability are considered from the same standpoint. The 
anomalous properties of matter at temperatures near absolute 
zero are readily explained, from a macroscopic standpoint, on 
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the basis of a complete system. Phenomena such as supercon- 
ductivity of metals, specific heat, thermal conductivity, and 
viscosity, the fountain effect and Rollin film for liquid helium 
II are explained. 


C7. Experiment with Alternating Currents on Tin Super- 
conductors.* B. SeRIN, J. R. FELDMEIER,** AND M. Gar- 
FUNKEL, Rutgers University.—The technique’? of superim- 
posing direct and alternating currents on a superconductor and 
measuring the d.c. potential difference as a function of the 
amplitude of the alternating current has been used with tin 
wires. The samples, in the form of straight wires about 8 cm 
long and 10-* cm in diameter were made by drawing tin 
(99.993 percent purity) in glass, and then removing the glass 
with HF; the samples were polycrystalline. Tin current and 
potential leads were welded to the wires. It was observed that 
as the amplitude of the a.c. current was increased, the d.c. 
potential difference increased, went through a maximum, and 
finally approached an asymptotic value, in agreement with the 
previously reported results for thallium. At 50 cycles/sec., the 
experimental curves agreed with those calculated from the 
measured d.c. quenching current curve. As the frequency was 
increased up to 20 kc/sec., the curves shifted to higher current 
values and the values of the maxima increased. Similar results 
have been obtained with mercury samples. 
* This work was eg pt any by the me aceaael Research Fund and 
by the joint program of the ONR and the AE 
"3 Now at College of St. Thomas, St. Paul, _ 
B. G. Lasarev, A. A. Gelkin, and V. I. Khotkevich, bs Phys. U.S.S.R. 4, 
380 Higa); Comptes Rendus U.R.S.S. 55, (No. 9), 805 (1947). 


2 See also: F. B. Silsbee, F. G. Brickwedde, and R. B. Scott, J. Research 
Nat. Bur. of Stand. 20, 109 (1938). 


C8. Surface Resistance of Superconducting Tin at 9400 
mc/sec.* WILLIAM M. FArIRBANK,** Yale University.—The 
surface resistance of white tin has been determined at a fre- 
quency of 9400 mc/sec. between 75°K and 1.26°K. Johnson 
Matthey tin was formed by a die into a rectangular cavity 
operating in the TEon mode. The unloaded Q was found to 
change from 6X 108 at 75°K to 2.3 X10‘ at 3.72°K to 1.2108 
at 1.26°K. In the non-superconducting region, in agreement 
with other workers, the a.c. resistance becomes independent 
of the d.c. resistance. In this region the experimental curves are 
compared with the theoretical curves.? In the region below the 
superconducting transition temperature, the resistance falls to 
about 2 percent of its value at the transition temperature, a 
residual resistance apparently remaining at absolute zero. 
These data are compared with the data of Pippard® and the 
probable dependence of this residual resistance on the method 
of preparing the tin samples is discussed. 

* Assisted by the ONR. 

** Now at Amherst — 

1H. London, Proc. Roy. Soc. A176, 522 (1940); A. B. Font, Proc. 
Roy. Soc. A191, 371 (1947); E. Maxwell, P. M. Marcus, and J. C. Slater, 


Phys. _ 74, 1234 (1948). 
on a . H. Reuter, and E. H. Sondheimer, Proc. Roy. Soc. A195, 336 


3A. B. Pippard, Nature 162, 68 (1948). 


C9. Time Effects in Superconducting Cylinders. ROBERT 
T. WEBBER, Yale University.*—The existence of long time 
delays between the sudden change of applied magnetic field 
and the reaching of a final value of induction in a supercon- 
ducting specimen was first observed by Mendelssohn and 
Pontius.! We have studied the nature of these time effects for 
magnetic fields transverse to three types of spectroscopically 
pure tin cylinders: (1) solid and single crystal, (2) polycrystal- 
line and hollow with open ends, and (3) polycrystalline and 
hollow with closed ends. All three specimens had outside di- 
mensions of approximately 8 mm diameter and 10 cm length. 
The induction in the cylinders (determined by a small bismuth 
field probe) and the applied magnetic field were continuously 
recorded. All three specimens showed time effects in the inter- 


mediate state. Those in the solid cylinder were small and ap- 
proximately exponential. In the hollow cylinders, several time 
effect patterns were observed depending on the original state of 
the specimen and the magnitude of the change of applied field. 
These time effects exhibited two distinct parts: a period of up 
to 40 seconds where no measurable change of induction oc- 
curred, followed by a long period, approximately exponential 
decay toward equilibrium. 


* This work was assisted ¥ the ON 
1K. Mendelssohn and R. B gt Nature 138, 29 (1936). 


C10. Magnetic Susceptibility Measurements at Liquid 
Helium Temperatures. T. R. McGuire, Yale University.*— 
A modified Hutchison-Reekie! balance has been constructed to 
make magnetic susceptibility measurements on metallic single 
crystals in the liquid helium temperature range. The measure- 
ments were made by the Faraday body-force method wherein 
the specimen is placed in an inhomogeneous magnetic field H. 
The force F on the specimen of volume V is then given by 


F=((K—Ko)/2)VVH?, 


where K and Koare, respectively, the magnetic susceptibilities 
per unit volume of the specimen and surrounding medium. The 
following metals of known purity were obtained in single 
crystal form: aluminum, magnesium, mercury, thallium, and 
tin. The susceptibility was measured at room, liquid nitrogen, 
and liquid helium temperatures down to 1.6°K. Changes in 
susceptibility from 5 to 20 percent as a function of temperature 
were found. There was no evidence of the deHaas-van Alphen 
effect which is a field dependence of magnetic susceptibility. 


* Assisted by the ONR. 
1T. S. Hutchison and James Reekie, J. Sci. Inst. 23, 209 (1946). 


C11. Heat Flux Separation of He* in Liquid Helium II. C. A. 
REyNoLpDs, H. A. FAIRBANK, AND C. T. LANE, Yale Uni- 
versity* AND B. B. MCINTEER AND A. O. C. NiER, University of 
Minnesota.**—Helium has been enriched in the He? isotope to 
concentrations as high as 4 percent by a heat flux method 
similar to that reported previously.! The new apparatus, of 
improved geometry, consists of a 2 cc Pyrex bulb surrounded 
by a vacuum jacket and is connected at the top through a glass 
capillary to a Kovar section. A heater coil is in the bottom of 
the bulb. The Kovar is connected to a filling and sampling line. 
The whole apparatus is surrounded by a liquid helium II bath, 
the level of which is always above the bottom of the Kovar. 
Helium gas, enriched in the He? isotope to a concentration of 
10-4 by thermal diffusion, is condensed in the bulb. The 
amount of gas put in is fixed so that the level is in the Kovar 
section. Heat from the coil can pass only up through the 
enriched liquid helium to the Kovar section and out into the 
bath because of the vacuum jacket. Samples have been taken 
with a fixed heat input at various temperatures and also at a 
fixed temperature (1.8°K) with different heat input. 

* Assisted by the ONR. 

** ar ~s the Joint Program of the ONR and the AEC. 


1C. T. Lane, H. A. Fairbank, L. T. Aldrich, and A. O. C. Nier, Phys. 
Rev. 73, ants (1948). 


Reactions of Transmutation 


G1. Angular Distribution of Protons from the D— D Reac- 
tion for 10-Mev Deuterons. H. A. LeiTER, R. E. MEAGHER, 
F. A. RopGers,* AND P. GERALD KRUGER, University of 
Illinois.**—The angular distribution of the protons produced 
by the bombardment of deuterons by 10-Mev deuterons has 
been measured at 10° intervals from 15° to 65° in the labora- 
tory system. Photographic plates were used as detectors in a 
gas-filled scattering chamber. The H*, He’, and elastically 
scattered H? were stopped by an aluminum foil covering the 
photographic plates. The track background due to the neu- 
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trons from the D—D and other D, n reactions was determined 
by performing a check experiment under conditions such that 
no disintegration protons could reach the photographic plates. 
The measured absolute differential cross sections at angles 
21° 23’, 28° 26’, 35° 27’, 42° 24’, 49° 15’, 56° 1’, 62° 40’, 69° 12’, 
75° 36’, 81° 50’, and 87° 54’ in the center of mass system are 
1.62, 0.97, 0.45, 0.27, 0.26, 0.33, 0.40, 0.46, 0.46, 0.46, 0.45 
X10-* cm?, respectively. 


* Now at University of Wisconsin. 
** Supported jointly by ONR and AEC. 


G2. Differential Cross Sections for the Reaction 7°(p, n)He*® 
from 1 to 2.5-Mev Proton Energies. G. A. JARviIs, A. HEMMEN- 
DINGER, H. V. ArGo, AND R. F. TascHEK, Los Alamos.—The 
angular distributions of neutrons from the T*(p, n)He? reaction 
have been measured in 200-kev steps from the threshold at 
1.019-Mev proton energy up to 2.5 Mev. The distributions in 
the center of mass system were fitted with cosine series and 
integrated to obtain total cross sections. It is necessary to in- 
clude cosine-cubed terms to fit the data at higher energies. The 
total cross section rises to 0.55 barn at 2.4-Mev proton energy 
and is still rising at a fairly rapid rate at this energy. 


G3. Use of Photographic Plate Detectors in Experiments 
with 10-Mev Deuterons. J. H. WitLiams, F. K. TALLMADGE, 
L. Rosen, Los Alamos.—Photographic plates are being suc- 
cessfully utilized to make energy distribution and intensity 
measurements of the products of reactions induced by the 
externally focused 10-Mev deuteron beam from the Los Alamos 
cyclotron. Results of a search for an excited state in the H$ 
nucleus will be given. Preliminary results will also be given for 
D—P scattering. A camera now under construction, which will 
be capable of simultaneously recording intensity and energy 
distribution of the charged products of nuclear disintegrations 
and scatterings in 2.5-degree intervals from 10 degrees to 170 
degrees with respect to the incident deuteron beam, will be 
briefly discussed. 


G4. Angular Correlations in Successive a—‘y Emission and 
the Excited State of Li’.* BERNARD T. FELD, Massachusetts 
Institute of Technology.—The 480-kev excited state of Li’ has 
been observed in a variety of nuclear reactions. Measurements 
of the excitation energy are in fair agreement, but do not ex- 
clude the possibility that the excited state is a closely spaced 
doublet, as suggested by Inglis.! The following experiment can 
provide information concerning the Li’* state. In the reaction 
B!°(n, w)Li?*(7)Li?, the coincidence a—y angular correlation 
depends on the states involved. If the Li?* state is *P1/2, there 
can be no angular correlation. On the Inglis suggestion of a 
2 F 52, 7/2 intermediate state, assuming the emitted a-particle has 
L=1, the angular correlation function is W(@)=1+@Q cos?6. Q 
has been computed for all possible combinations of initial BY 
(spin 5/2 or 7/2), intermediate Li?* (5/2, 7/2), and final Li? 
(1/2, 3/2) states. For most possibilities Q is large. Positive 
angular correlation would exclude the 2P1/2 possibility. An 
experiment is under way, in this laboratory, to measure W(@). 


* Supported, in part, by the joint program of the ONR and the AEC. 
1D. R. Inglis, Phys. Rev. 74, 1876 (1948). 


G5. Lifetime of the 479-Kev Excited State of Li’. L. G. 
ELLIoTT AND R. E. BELL, Chalk River Laboratories.—The 
measurement of an upper limit for the lifetime of the 479-kev 
excited state of Li’ reported previously! has been extended to 
give a definite value for this lifetime. The source was the reac- 
tion B!°(n, a)Li’* taking place in a beam of thermal neutrons 
from the pile. Photoelectron lines ejected from a thin UO, 
radiator by the Li’* y-rays and by 470-kev Ir! (70 day) y-rays 
were compared in a lens-type 8-ray spectrometer. The recoil 
velocity of the Li’* atoms causes a Doppler spread of 3.33 
percent in their y-ray energies, provided that the y-rays are 


emitted before the Li?* atoms are slowed down by the source 
material. The width of the photoelectron line in the spectrome. 
ter was seen to increase as the slowing-down time of the Li7* 
atoms was increased by using FeB, BiC, and LiBH,, re. 
spectively, as target materials. From this comparison of the 
Li’* lifetime with the known slowing-down times we get a 
lifetime += (0.75+0.25)X10-® sec., in fair agreement with 
calculations! based on existing models of the Li’ nucleus. 


1L, G. Elliott and R. E. Bell, Phys. Rev. 74, 1869 (1948). 


G7. Angular Yield of Protons, Tritons, and Alphas from the 
Bombardment of Be® by Deuterons. I. RESNICK AND §. §, 
Hanna, The Johns Hopkins University—The deuteron beam 
of the Physics Department statitron was used to bombard a 
thin Be® foil, mounted in a large semi-circular target chamber, 
previously used by J. A. Neuendorffer. Seven Ilford plates 
were arranged inside the chamber at positions 25° apart, and 
22 cm from the target. The product particles passed through 
gaps in a semi-circular ring of iron, carrying a magnetic field, 
This reaction leads to a variety of product particles of which 
the following were recorded on the plates: two proton groups, 
two alpha-groups, and a single triton group. The magnetic de- 
flection in the chamber separated the two proton groups and 
the triton group from each other. However, the alpha-groups 
were not resolved, and their deflection coincided with that of 
the long-range protons, but it was possible to distinguish them 
by means of track length. Plates taken at several voltages be- 
tween 300 and 700 kev were counted, and angular distributions 
for the short-range protons, the long-range protons, the 
tritons, and both alpha-ranges together were obtained. Experi- 
ments are under way to determine the distributions of the 
separated alpha-groups by another method. The triton distri- 
bution shows a marked increase in intensity in the forward 
direction, the long-range protons exhibit a strong —cos@ de- 
pendence, while the short-range protons are roughly spherically 
symmetric. 


G8. Excited State in Be, W. W. BUECHNER AND E. N, 
STRAIT, Massachusetts Institute of Technology.—The protons 
from Be®(d, p)Be!® have been analyzed magnetically. Two 
groups have been found corresponding to the formation of Be! 
in the ground state and in an excited state of 3.36 Mev, the Q 
values being 4.58 and 1.22 Mev. This value for the energy level 
confirms that previously reported.! The resolution makes it 
possible to eliminate definitely the possibility that the low 
energy group is due to oxygen contamination. The groups from 
oxygen and beryllium were both found and differed in energy 
by 25 kev at the bombarding energy of 1 Mev employed. Pre- 
liminary observations have not shown the existence of a group 
attributable to an excited level of Be!® of energy less than 3.36 
Mev. This abstract is based on work assisted by the joint 
program of ONR and AEC. 


Lattes, Fowler, and Cuer, Proc. Phys. Soc., London 59, 883 (1947). 

G9. Bombardment of B® with Deuterons.* CHar_es P. 
SWANN AND EMMETT L. Hupspeta, Bartol Research Founda- 
tion.—The reaction B!°(d, m) has been studied at a bombarding 
voltage of 1.4 Mev. The enriched (96 percent B°) isotope was 
in elemental form, prepared from B'°F;-CaF»2 obtained from 
Oak Ridge. Neutron groups of energies 1.2, 3.5, and 7.8 Mev 
were observed with photographic plates at 0°. The 7.8-Mev 
group (Q=6.6 Mev) corresponds to the formation of C™ in the 
ground state. It was shown, as previously suspected, that the 
reaction B"4(d, 2) also yields a group of neutrons which, in 
bombardment of normal boron,! overlaps this group. The 
groups at 1.2 and 3.5 Mev may arise from C(d, m) and D(d, n) 
respectively, but intensity considerations indicate the con- 
trary. We have also made a coincidence absorption study of 
Compton electrons produced by y-rays from deuteron bom- 
bardment of normal boron and of B®. It is found that most of 
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the total radiation is produced by bombardment of B", but a 
y-ray of energy 1.5 Mev (observed in bombardment of normal 
boron )? is associated with the bombardment of B"; it probably 
arises from B' decay. Further work on all of these reactions is 
in progress. 


* Assisted by the Joint Program of ONR and AEC. 

1T. W. Bonner and W. M. Brubaker, Phys. Rev. 50, 308 (1936). 

2 Gaerttner, Fowler, and Lauritsen, Phys. Rev. 55, 27 (1939); J. Halpern 
and H. R. Crane, Phys. Rev. 55, 415 (1939). 


G10. A Study of the Long Range Protons from the Bom- 
bardment of Carbon by Deuterons. G. C. PHILLips, T. W. 
BONNER, AND J. E. RICHARDSON, Rice Institute—The cross 
section for the production of long range protons from the reac- 
tion 6«C!+,D*—>,*N!4+,C8+,H!+2.7 Mev has been investi- 
gated. A thin target of 23.5 ug/cm? of pure carbon on a 7.75- 
mg/cm? silver foil was bombarded with deuterons in the energy 
range 0.80 to 1.50 Mev. The protons were counted with a pro- 
portional counter at 0°, 90°, and 150° to the beam. Resonances 
were observed at 0.91, 1.16, 1.30 Mev corresponding to known 
resonances for the competing reactions of neutrons and short- 
range protons. The narrow resonance at 1.435 Mev, previously 
shown only by the gamma-rays, also occurs for the long-range 
protons. A previously unidentified resonance of half-width 
~20 kev was found at 1.14 Mev. The narrow resonance at 
1.435 Mev has an unsymmetrical shape, and the energy at 
which the maximum occurs for different angles is shifted 
several thousand volts with respect to 1.435 Mev. The angular 
distributions for the 0.91- and the 1.16-Mev resonances are 
similar to the neutrons,! but are dissimilar at 1.30 Mev. There 
is an apparent anti-resonance for the 0° protons at 1.30 Mev. 


1 Bonner, Evans, Harris, and Phillips, in press. 


G11. Highly Excited States of the Magnesium Nucleus 
Created by Proton Bombardment.* Roy BRITTEN, Princeton 
University—Thin magnesium foils have been bombarded with 
15.5-Mev protons in the Princeton f-m cyclotron. A thin and 
narrow, vertical foil of magnesium was placed inside the 
cyclotron so that it intercepted the circulating beam. The low 
energy inelastically scattered protons have been analyzed by 
two methods. In the first, nuclear plates wrapped in thin Al 
foil were placed in a horizontal plane around the scattering foil 
just below the plane of the beam. Thus the elastic and inelastic 
spectrum could be recorded at several angles. Track length 
distributions on these plates indicated that about 25 percent of 
the protons scattered in the backward direction have energies 
less than 4 Mev, corresponding to states more than 11 Mev 
above the ground state. In the second method, a 180° deflection 
camera was used to analyze protons between 1 and 4 Mev. The 
limit of resolution is set at about 0.1 Mev by the scattering foil 
thickness and the energy spread of the beam. The energy dis- 
tribution was measured by a trark count on plates placed along 
the line of focus. A fairly rapid increase in the number of 
protons per unit energy occurs from 4 Mev toa peak just above 
1 Mev, in general agreement with the results from the first 
method. 


* This work was assisted by the Joint Program of ONR and AEC. 


G12. Q-Values for Ca‘°(d, p)Ca*! and the Mass Difference 
(Ca*°—A‘*), VaANcE L. Sattor, Yale University.*—Q-values 
for the reaction Ca‘°(d, p)Ca*! have been observed to be 6.17, 
4.22, 3.76, 3.2, 2.9, 2.7, 2.5, 2.31 Mev. The value 6.17 Mev 
corresponds to formation of Ca‘! in the ground state, giving the 
mass difference (Ca*!—Ca**)=0.99997+0.00005u. Also, the 
mass difference (A*!—A*°)— (Ca*!—Ca*) =2.54+0.03 my was 
obtained by placing both argon and calcium targets in the 
same bombardment chamber and comparing the ranges of the 
end groups of protons from the reactions Ca‘°(d, p)Ca* and 
A‘°(d, p)A“. By using the additional values observed for 
K"(p, 2)Ca" threshold! and the A* f--decay energy,’ the 





following mass difference was calculated: 


(Ca*°— A40) = [(A# —A‘*)— (Cat!— Ca**)] 
— (Ca*—K*)— (A"“—K*")=0.27+0.21 muy. 


This is in good agreement with Ca‘°—A* calculated from the 
decay scheme of K*® using 1.55 Mev for K-capture energy and 
1.35 Mev for 6--energy, which gives Ca*°—A‘*°=0.22 mu. 

* Assisted by the Joint Program of ONR and AEC. 


1H. T. Richards and R. V. Smith, Phys. Rev. 74, 1257 (1948). 
? Bleuler, Bollman, and Ziinte, Helv. Phys. Acta 19, 419 (1946). 


G13. The Cu®(n, 2n)Cu® Cross Section as a Function of 
Neutron Energy near the Threshold. J. L. FowLer Anp J. M. 
SLYE, Los Alamos.—Using the D(d, n)He’ reaction produced 
by 10-Mev deuterons to give neutrons, the Cu®(n, 2n)Cu® re- 
action has been studied in the vicinity of the threshold. The 
energy of the bombarding deuterons is determined by magnetic 
deflection. This, together with the angle which the neutrons 
make with the beam, gives the neutron energy. The experiment 
consists of activating copper foils placed about a deuterium gas 
target which is bombarded by a monitored deuteron beam. The 
foils are then counted in cylindrical glass-walled Geiger 
counters. The product of the differential cross section of the 
D(d, n)He?® reaction and the activation cross section of the 
Cu®(n, 2n)Cu® reaction is obtained as a function of angle to 
the deuteron beam. By calibrating the Geiger counters with 
the beta-particles from Cu*®* produced in a known flux of 
thermal neutrons, the data is made absolute in terms of the 
known thermal capture cross section of Cu®*. Previous meas- 
urements of the differential cross section of the D(d, )He?! 
reaction allow the Cu®(n, 2n)Cu® cross section to be given as a 
function of energy. 


1Erickson, Fowler, and Stovall, Phys. Rev. 75, 894 (1949). 


Cosmic Rays, Mostly Penetrating Particles 


H1. Uniformity of Response of a Scintillation Counter.* 
F. B. HARRISON AND GEORGE T. REYNOLDs, Princeton Uni- 
versity.—The uniformity of response of a selected single crystal 
of sodium iodide (1 percent thallium iodide impurity ) mounted 
on a 931 A photomultiplier has been tested by means of cosmic 
ray mesons. A combined scintillation and geiger counter tele- 
scope selected mesons whose energy losses in the crystal 
corresponded to ionization within 3 percent of minimum. Thus 
all pulse heights observed should be the same. Because of the 
severe geometrical conditions imposed, the counting rate was 
only 1 every 4 hours. The results of the first 150 hours of opera- 
tion show all pulse heights to be within 30 percent of the 
average, except 6 which may be accounted for on the basis of 
side showers. A subgroup of pulses obtained during a period 
in which operating conditions were known to be more uniform 
than over the whole 150 hour period gave pulse heights within 
20 percent of the average. 


* Supported by joint program of Office of Naval Research and Atomic 
Energy Commission. 


H2. Measurements of Méson Decay by Scintillation Coun- 
ters.* GEORGE T. REYNOLDs AND F. B. Harrison, Princeton 
University.—Scintillation counter experiments previously re- 
ported! have been extended to measurements of meson decay 
times. In the present apparatus it is possible to determine the 
decay time in absorbers of various atomic numbers, inde- 
pendently of the crystal material used. Measurements obtained 
using lead as absorber are in good agreement with the accepted 
mean life. Sodium iodide and napthalene have been used as 
crystals in these measurements. Hofstadter* has shown that 
pulses from stilbene have a decay time of less than 2 X 10-8 sec. 
A large stilbene crystal has been prepared for the present ex- 
periment and will permit time resolution of the order of 4X 10-* 
sec. Because the scintillation counter has a high efficiency for 
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y-rays, this short time resolution permits a search for y-rays 
which may result when negative mesons are captured.* 
* Supported by joint program of ONR and AEC. 


1 George T. Reynolds, Bull. Am. Phys. Soc. 24, No. 1, 49 (1949). 
2 Hofstadter, Milton, and McIntyre, Bull. Am. Phys. "Soc. 24, No. 1, 16 


(1949 ). 
3W. Y. Chang, Bull. Am. Phys. Soc. 24, No. 1, 47 (1949). 


H3. Interactions of Ionizing Cosmic-Ray Particles at 10,600 
ft. Altitude.* Joun TINLOT AND BERNARD GREGORY, Massa- 
chusetts Institute of Technology.—A large square cloud chamber 
was operated at Echo Lake, Colorado (elevation 10,600 ft.), to 
study the properties of ionizing cosmic-ray particles capable of 
penetrating one inch of lead. The chamber contained seven 
lead plates }’ thick and six aluminum plates 3%” thick, ar- 
ranged alternately. A narrow counter telescope above the 
chamber was used to trigger expansions; only particles which 
could pass through the telescope were considered in the analy- 
sis. In a preliminary study of about 3600 pictures, we found 37 
nuclear explosions (25 in lead, 12 in aluminum), 25 cases of 
nuclear scattering of fast particles, 79 examples of particles 
stopping in the chamber, and 8 narrow electron showers (pre- 
sumably caused by a single energetic electron or photon). In 
addition, there were 18 cases of nuclear explosions apparently 
caused by non-ionizing particles, but possibly associated with 
the triggering particles. From these data (and making use of 
the known meson intensity at this altitude) an estimate of the 
intensity of the so-called ionizing N-rays can be made. 


* This work was supported in part by the joint program of the ONR and 
the AEC. 


H4. Further Experiments on Sea-Level Mesons Stopped at 
Thin Pb Foils.* W. Y. CHANG, Palmer Physical Laboratory, 
Princeton University.—By increasing cloud chamber depth and 
telescopic solid angle, the number of mesons entering the 
chamber via telescope has been increased to 150 per hour, 2-3 
times larger than that in the previous cases.! Six 0.009-inch and 
five 0.018-inch Pb foils (not covered with Al foils) have been 
put alternately inside the chamber. The following results have 
been obtained over 800 hours: (1) 26 stopped negative mesons 
have been obtained, giving off no observable charged particles 
from the ends. This confirms the conclusion of our former ex- 
periments that no protons were emitted when u-mesons inter- 
acted with Pb nuclei. (2) 9 pictures of the 26 stopped u~ show 
meson-oriented secondary electron tracks (1-4 Mev). This 
ratio is again much larger than the ‘‘chance orientation”’ of the 
stray electrons, giving further evidence of the low-energy 
gamma-rays from stopped negative u-mesons (mesonic orbits 
and small nuclear excitation). (3) The fact that no decay 
electron (from over 40 decay pictures) has been observed to 
move toward any one of the anticoincidence counters below the 
chamber (5 g/cm? wall, etc.) argues for few low-energy decay 
electrons. The proportion of decay electrons below 10 Mev is 
concluded to be of the order 1 in 30 or less. 

. ee by the joint program of the AEC — ON 


1W. Y. Chang, Bull. Am. Phys. Soc. 24, No. 1, 47 Tins); Rev. Mod. 
Phys. 21, 166 (1949). 


HS. The Production of Mesons in the Stratosphere.* 
MARCEL SCHEIN AND J. J. Lorp, University of Chicago.— 
Measurements in the high atmosphere with photographic 
plates indicate that the number of mesons stopping in the 
emulsion is very much dependent upon the location and 
_ quantity of nearby material. One centimeter of lead above a 
plate increases the number of x-mesons by at least a factor of 
15. At the same time the number of u-mesons increases by only 
a factor of 3 to 4. The ratio between the number of x-mesons 
stopping in the emulsion placed below the lead and that of 
stars occuring in the same plate is 1 to 10, as contrasted with 
the value of about 1 to 1000 found at Berkeley using the high 
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energy neutron beam.! The number of positive mesons ex- 
hibiting a r—y-decay is roughly the same as the number of 
w-mesons producing stars at the point where they stop in the 
emulsion. 


* Assisted by the joint program of ONR and AEC. 
1C. M. G. Lattes (private communication). 


H6. Magnetic Deflection of Mesons in Photographic 
Plates.* I. BARBouR, University of Chicago.—A method for 
determining the mass and charge sign of mesons has been 
described! in which two nuclear plates are exposed, with an air 
gap of 3 mm between their parallel emulsion surfaces, in a 
perpendicular magnetic field. From the orientation of the 
tracks of a given particle in the two emulsions, is computed the 
radius of magnetic curvature of the trajectory in the intervening 
air gap, and hence the momentum, which, with the range, 
gives the mass. With a permanent magnet weighting 65 lbs., 
field strength 13,300 gauss, flights of 2 hrs. at 90,000 ft. show 
about 75 mesons on the 15 in.* of 100u Ilford C2 emulsion, 
which contains extra plasticiser to reduce surface distortion. 
After development, a pantagraph attached to the microscope 
stage plots location and orientation of tracks relative to a 
registration grid of x-ray spots. Angle measurements of heavy 
particles and fast protons agree to 1°, whereas mesons often 
show deflections of the order of 10°; cases of long trajectories 
and long residual ranges allow more accurate determinations. 
Some preliminary mass measurements will be given. 


* Assisted by the joint program of ONR pnd AEC. 
1C, F. Powell, Nature 161, 473 (1948); I. Barbour, Phys. Rev. 74, 507 


(1948). 


H7. “Off-Scale’” Bursts under 26.7 cm Lead at an Altitude 
of 3500 Meters.* Epwarp F. FAHY AND MARCEL SCHEIN, 
University of Chicago.—During 1424 hours of large burst ob- 
servations, made with a Carnegie Model ‘‘C” meter under a 
spherical shield of 26.7 cm of lead at Climax, Colorado, four 
bursts were observed’ which deflected the electrometer needle 
off scale. These bursts had an ionization equivalent of more 
than 4000 singly charged particles at minimum ionization. 
Three of these ‘‘off-scale’’ bursts occurred simultaneously with 
giant atmospheric showers which were detected by means of 
shower counting coincidence sets of G-M counters placed ona 
horizontal plane over the lead shield. Bursts of less than 1000 
particles show no detectable correlation with air showers. It is 
of interest to note than an atmospheric shower which is pro- 
duced at the top of the atmosphere and which has more than 
4000 particles after passing through 26.7 cm Pb (53 radiation 
units) should carry an energy much greater than the energy of 
any single event which has been observed so far in the cosmic 
radiation. 


* Assisted. by the joint program of ONR and AEC. 


H8. The Density Effect for Cosmic Ray Mesons.* W. L. 
WHITTEMORE AND J. C. STREET, Harvard University.—Using a 
specimen of silver chloride as an ionization detector and ex- 
amining with a linear amplifier the pulses produced by mesons, 
we have been able to investigate experimentally the net rise in 
the rate of ionization in the relativistic energy region as modi- 
fied by the density effect. An arrangement of lead filters was 
used to select two groups of mesons, one ionizing at the mini- 
mum rate and the other ionizing at a rate corresponding to 
mesons with ranges greater than 112 cm of lead. The distribu- 
tion of pulses for each group is compared with the distribution 
of energy loss predicted by the fluctuation theory of Symon, 
which does not contain a correction for the density effect. The 
agreement between measured and calculated relativistic in- 
crease of ionization is poor; but, when a reasonably chosen 
correction for the density effect (determined empirically but 
following the general course of the curves of Halpern and Hall’) 
is applied to the Symon distribution, close agreement between 
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experiment and theory can be obtained. Comparison of the 
empirical correction for silver chloride with the calculations of 
Halpern and Hall for other materials will be made. 


* This work is supported by Navy contract. 
10. Halpern and H. Hall, Phys. Rev. 73, 477 (1948). 


H9. The Nature of the Penetrating Particles in Extensive 
Showers.* FRANK L. HEREFORD, Bartol Research Foundation. 
—The existing experimental results concerning the penetrating 
component of extensive cosmic-ray showers have received 
widely varying interpretations as regards identification of the 
penetrating particles. The penetrating component is generally 
thought to consist of a mixture of mesons and nuclear particles, 
presumably protons. An attempt has been made to determine 
the intensity of these nuclear particles by utilizing the depend- 
ence of the counting efficiency of a low pressure Geiger counter 
upon the specific ionization of a counted particle. A tray of 
such low pressure counters, placed beneath 18.5 cm of lead and 
shielded on all sides, was operated in a shower-selective coinci- 
dence system. The coincidence arrangement allowed measure- 
ment of the counting efficiency of this counter tray for single 
penetrating shower particles. Through comparison with the 
measured counting efficiency for the total ionizing component 
at sea level, preliminary data indicate that particles heavier 
than yu- or 7-mesons comprise at the most only a few percent of 
the penetrating component of extensive showers. This result is 
in agreement with that recently obtained by Cocconi, Cocconi, 
and Greisen.? 


* Supported by the Joint Program of ONR and AEC, 
1 Unpublished results communicated by Dr. K. Greisen. 


H10. Altitude and Latitude Dependence of Nuclear Dis- 
integrations Measured in Photographic Emulsions in the 
Stratosphere.* J. J. Lorp, MARCEL SCHEIN, AND M. VIDALE, 
University of Chicago.—The rates at which nuclear disintegra- 
tions occur has been measured at 5 cm, 3.2 cm and 1.05 cm of 
Hg pressure using Ilford C2 Boron loaded plates 100 microns in 
thickness. The measurements were made from 51° to 56° north 
magnetic latitude and comparing these rates with those of 
Powell and his collaborators,! shows that the absorption coeffi- 
cient is uniform at 148 g per cm? to the highest altitudes (1.05 
cm of Hg). Nuclear disintegration rates measured under 
identical conditions at approximately 1.1 cm of Hg pressure 
show that te intensity falls by a factor of 2.3 in going from 
56° north to 30° north magnetic latitude. 


* Assisted by the joint program of ONR and AEC. 
1 Lattes, Occhialini, Powell, Nature 160, 486 (1947). 


H11. Variation of Cosmic Star Production with Altitude. 
HERMAN YAGODA, NATHAN KAPLAN, AND C. H. CONNER, 
National Institutes of Health—Emulsions exposed at 48 to 
50°N geomagnetic latitude exhibit the following star popula- 
tions (2 or more prongs) E per cc per day: Sea level, Bethesda, 
Md. =0.53 to 0.29 depending on type housing; 1230 m, Bickles 
Knob, West Va. = 2.0; 3260 m, Echo Lake, Col. = 10.8; 3500 m, 
Climax, Col. = 13.8; 27,400 m stratosphere above Minn. = 1400. 
The populations between sea level and the stratosphere are 
related approximately by logisE = 3.12—0.00313D where D is 
the atmospheric depth in g cm~*. The absorption coefficient for 
air based on three mountain top exposures is 1/(143+3). 
Statistics on 92 sea level stars indicate same multiplicity pat- 
tern as observed in plates on mountain tops. The number of 
tracks per star is appreciably greater in stratosphere exposures 
than below 3500 m. An event showing the emission of a 
~1000m, particle from a complex evaporation and decaying in 
the emulsion with the production of ionizing secondaries will be 
described. 


H12. Delayed Proton-Electron Activity Induced in Alumi- 
num by Non-Ionizing Cosmic Rays.* E. C. Fow.er, R. L. 
CooL, AND J. C. Street, Harvard University.—A cloud cham- 
ber with illuminated volume 18” in diameter and 53” deep 
fitted with three 1 cm lead plates and eight 0.020 cm aluminum 
foils has been run with counter control (selecting cosmic-ray 
showers) and with clock control (random operation with re- 
spect to cosmic-ray events) at Cambridge! and Climax, 
Colorado (altitude 11,200 ft.). The photographs obtained con- 
tain many examples of an event in which a proton with a range 
of about one foil (energy equals 5.2 Mev) and an electron with 
energy less than 0.5 Mev emerge simultaneously (within the 
resolution of the cloud chamber) from a point in the aluminum. 
The rates observed in the different runs differ sufficiently to 
show that shower selection favors the observation of the 
proton-electron event. No other directly associated tracks are 
observed. With shower selection this event is seen to occur 
with various delays from the time the counters were fired out 
to the end of the chamber’s sensitive time. The Cambridge run 
was too short to give a quantitative altitude change. Examina- 
tion of the random expansions at Climax continues. Additional 
information supporting the above conclusions will be presented. 

*‘This work was supported in part by the joint program of the AEC 


and ONR. 
1E. C. Fowler, R. L. Cool, and J. C. Street, Phys. Rev. 74, 101 (1948). 


Fluid Dynamics 


I2. On a Method of Measurement of Some Characteristics 
of Turbulence Using Non-Compensated Hot-Wires.* F. N. 
FRENKIEL, Naval Ordnance Laboratory.—Let us consider a hot 
wire anemometer with a wire of negligible length and an 
amplifier including a compensation unit for the thermal lag of 
the wire. We denote by E the longitudinal component of the 
turbulent energy (E=4$ (u’)y), as obtained from measure- 
ments with the compensation on, and by E, the corresponding 
energy as measured with the compensation off. It is found** 
that E./E= fo? f:(s)/1+ M*s* ]ds where f:(w) is the spectrum 
of turbulence at a point and M the time constant of the wire. 
After assuming some given spectra or correlation curves, the 
factor E./E is expressed as a function of Ar;= ML, (Lr-time 
scale of turbulence). The value of LZ; can then be obtained 
using a wire of a known time constant and measuring the 
turbulent energy with and without compensation. When the 
spectrum f;(w) is considered to be equal to the longitudinal 
spectrum f,z(w), the same method can be used to find the 
longitudinal scale of turbulence L,. This method of measure- 
ment can be used for rapid determination of an approximate 
value of the scale of turbulence. Other characteristics of 
turbulence can be also found using non-compensated hot 
wires. 


* + Sponsored by ON 
** F, N. Frenkiel, _ Rendus 222, 585 (1946). 


I3. Momentum Thickness Development in a Turbulent 
Boundary Layer at M=1.7.* D. BERSHADER, Princeton Uni- 
versity.—Using the technique of interferometry, density pro- 
files have been evaluated in a turbulent boundary layer along 
the wall in the uniform flow region of a rectangular Laval 
nozzle discharging air from a pressure tank into the atmos- 
phere. By means of the density values and certain assumptions, 
velocity profiles were calculated. The momentum thickness, 6, 
is defined in terms of these quantities by 


v= f° 24(1—*)a 
piu, od 


where p and wu are the variable density and velocity in the 
boundary layer, p: and ™; the corresponding free stream values, 
and 6 the width of the boundary layer. Plotting obtained 
values of @ against x (direction of flow) gives the result that 
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d?6/dx*>0. This is in disagreement with what is to be expected 
when the skin friction formula for turbulent incompressible 
flow is used in the momentum equation. These experiments 
were carried out at a momentum thickness Reynolds number 
Re=5X10*. The work so far is preliminary and is being ex- 
tended to other Mach and Reynolds numbers by Professor R. 
Ladenburg and the author using a 3 inch supersonic inter- 
mittent wind tunnel together with a 5 inch Mach-Zehnder type 
interferometer. 


* Performed under a contract with ONR. 


14. Factors Affecting the Production of Steady Flow Past 
Models in the Shock Tube. C. W. Mautz, University of 
Michigan.—The duration of steady flow in the test section of a 
shock tube is sharply dependent on the shock strength. The 
conditions under which steady flow past a model can be pro- 
duced were studied, using apparatus previously described,! by 
following the motion of detached bow-waves formed by wedges 
of 7s-, $-, and }-inch thickness with 30- and 45-degree wedge 
angles. With the arrival of the shock front at the model, the 
bow-wave begins to move upstream toward an equilibrium 
position if 1<M<M., where M is the Mach number in the 
shock wave, M, is the Mach number which produces an:at- 
tached bow-wave. The Mach number was varied in steps of 
0.1 from 1.1 to 1.5. The combinations of Mach number, wedge 
thickness, and wedge angle for which the separation of the 
bow-wave from the model reached a steady value in the time 
available will be discussed. This research was sponsored by 
the ONR. 


1Mautz, Geiger, and Epstein, Phys. Rev. 74, 1872 (1948). 


I5. Oblique Reflection of Low Amplitude, Exponential 
Shock Waves from the Sea Bed.* A. B. ARons AND D. R. 
YENNIE, Woods Hole Oceanographic Institution and Stevens 
Institute of Technology.—Experimental measurements of under- 
water explosions have shown a progressive distortion of the 
form of the wave reflected from a firm, sandy bottom when the 
angle of incidence exceeds a certain critical angle. The incident 
wave consists of a shock front followed by essentially expo- 
nential pressure decay. The distorted reflected wave shows a 
gradual pressure rise to a very high peak, followed by a sharp 
drop to negative pressures. In the limit of angles of incidence 
approaching 90°, the reflected wave tends to become a “mirror 
image” of the incident wave, as though the reflection were 
taking place at a free surface. The phenomenon is accounted 
for by an acoustical treatment which predicts a phase shift of 
the reflection of a simple harmonic wave when the critical 
angle for total reflection is exceeded. The phase shift is inde- 
pendent of frequency and depends only upon the angle of inci- 
dence and the densities and sound velocities of the two media. 
When this phase shift is applied to the Fourier spectrum of the 
exponential pulse, it is shown that the resulting theoretical 
pressure-time curves correspond very closely to those observed 
experimentally. 





* Work performed under contract with the Navy Department, Bureau of 
Ordnance. 


X-Rays 


I6. Determination of the Energy Distribution of Brems- 
strahlung from 19.5 Mev Electrons.* H. W. Kocu, R. E. 
CARTER, AND C. S. Rosinson, University of Illinois —The 
bremsstrahlung spectrum has been measured for 19.5 Mev 
electrons produced by a betatron and directed against a thin 
target. The relative intensity of the x-rays as a function of 
energy was determined from the number of pairs of various 
energies produced in the gas (air) of a cloud chamber. A 0.005” 
thick platinum target was the source of the x-rays which passed 
through a lead collimator. The magnetic field at the chamber 
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was 1540 gauss. Approximately 1100 pairs survived the selec- 
tion criteria and permitted a test of the predicted Bethe- 
Heitler spectrum in the forward direction as communicated by 
Schiff. The experimental numbers of quanta in the high energy 
half of the spectrum are relatively greater than the predicted 
values. The statistical methods of handling a continuous distri- 
bution, the means of correcting for the experimental discrimi- 
nation in pair energy, and the general application of a cloud 
chamber to continuous x-ray spectra determinations will be 
discussed. Some interesting details of the pair production 
process which were measured will also be presented. 


* Assisted by the joint program of ONR and AEC. 


I7. Absorption by Aluminum between 100A and 300A. E. M. 
PELL AND D. H. ToMBOULIAN, Cornell University.—The struc- 
ture of the aluminum absorption curve on the short wave- 
length side of the Lz; 1:1 edge was examined, using a capillary 
spark discharge to produce the incident radiation. The ab- 
sorber was prepared by evaporating aluminum on one of two 
identical Zapon films whose transmission was about 50 percent 
at 300A and much greater at shorter wave-lengths. The two 
samples were so mounted that either of the specimens could be 
placed behind the slit of the spectrograph, making it possible to 


photograph on the same plate juxtaposed spectra of the radia- — 


tion transmitted by the absorbing sample and by the backing 
film alone, and permitting the sparks producing the exposure 
to be intermingled between the two spectra. The general fea- 
tures of the absorption curve resemble those previously ob- 
served by Johnston! except in the following features: The 
jump in the absorption coefficient at the Lyz,11; edge at 170A 
is 10X10‘ cm~. At approximately 106A there is a strong sug- 
gestion of a somewhat diffuse edge. The authors wish to thank 
Professor L. G. Parratt for helpful discussions. The work was 
carried out under contract with ONR. 


J. E. Johnston, Proc. Camb. Phil. Soc. 35, 108 (1939). 


I8. On the Position of Z; Absorption Edge in Aluminum. 
D. H. ToMBOULIAN AND E. M. PELL, Cornell University.— 
Based on tentative identifications! ? of radiative transitions 
within the L shell of several light elements, the term value of 
the L; level in aluminum should lie about 115 ev below the top 
of the filled conduction band. Although Z; emission bands are 
too weak to be observed, absorption measurements should 
show evidence of the L; edge. The absorption curve as de- 
termined by the measurements described in the previous paper 
indicates a diffuse ‘‘edge” approximately at 106A in agreement 
with the expected position of the ZL; level. The jump in the 
absorption coefficient at this wave-length is 6X10‘ cm™, 
which is considerably smaller than the Zy7,71; jump. Further 
measurements using a different source are contemplated in 
order to verify the present observations. The work was carried 
out under contract with ONR. 


1D. H. Tomboulian and W. M. Cady, Phys. Rev. 59, 422 (1941). 
2D. H. Tomboulian, Phys. Rev. 74, 1887 (1948). 


I9. Simultaneity in the Compton Effect.* R. HorsTADTER 
AND J. A. MCINTYRE, Princeton University—We have con- 
structed an apparatus to study the Compton effect and the 
angular distribution of scattered gamma-rays predicted by the 
Klein-Nishina formula. In our first experiment we have re- 
examined the question of whether the recoil electron and 
scattered photon are produced simultaneously. We have 
studied coincidences between two stilbene scintillation counters 
employed as scatterer and detector respectively. A small 
stilbene scatterer, placed in the (}’’X}'’) Co® gamma-ray 
beam provides the recoil electron pulse, while a larger stilbene 
detector crystal records the scattered photon. The detector 
crystal subtends at the scatterer a plane angle of ten degrees or 





— 65) j—. = = Fa te =p AS bw. me bet 





om oO fF = 4. DD 4 4 








Pd 
© 


a<s< 


re 


> ae . OO ae ee ae Url eh CU 








AMERICAN PHYSICAL SOCIETY 173 


less and may be placed at various angles with respect to the 
direction of the incident Co® (~1.2 Mev) gamma-ray beam. A 
coincidence is detected visually and photographically on an 
oscilloscope screen as a characteristic double pip, obtained by 
delaying the crystal pulses by different amounts and using the 
detector pulse to trigger the sweep. With this technique we 
may detect time differences of about 5X 10~* second. Within 
this time the experiment demonstrates simultaneity, in agree- 
ment with the early work of Bothe and Geiger who found 
simultaneity within 10% second. 


* This work was assisted by the Joint Program of ONR and AEC. 


Spectroscopy, Atomic and Molecular 


K1. Electron Screening, Electron Quantum Numbers, and 
Ionization Potentials of Atoms and Ions. WOLFGANG FINKELN- 
BURG, Engineer Research and Development Laboratories, Fort 
Belvoir, Virginia.—The screening of the nuclear charge Z of 
any atom or atomic ion, by all its electrons with respect to 
the outermost one, can be calculated from the spectroscopic 
ionization energies of atoms and ions. By tabulating the 
change of this screening constant, As, from element to ele- 
ment in the Periodic Table, the author has found striking 
regularities, these As values either being constant or vary- 
ing regularly within each group of the Periodic Table. Quite 
a number of conclusions can be drawn from these regu- 
larities. In the first place, unknown ionization potentials 
can be interpolated with a fair amount of accuracy, wrong 
ones can be corrected. Secondly, a very surprising, and 
as yet theoretically unexplained, relation between the spin 
direction of the outermost electron and the screening constants 
has been found. Quite generally, there exist close relations be- 
tween the screening constants and the quantum numbers of the 
outermost electron. They indicate, for instance, that either the 
presently known values of the ionization potentials of the rare 
earth atoms or their electron quantum numbers are incorrect. 


K2. The Effect of Finite Aperture on the Fringe Intensity 
Distribution of Fabry Perot Interferometers.* FELIx E. 
GEIGER, JR., University of Wisconsin.—The effect of the finite 
aperture of a Fabry Perot interferometer on the fringe in- 
tensity distribution in the interferometer pattern is investi- 
gated. An equation is derived for a square etalon which 
illustrates clearly the decrease in fringe intensity for increasing 
angles of incidence. The computations show that this effect 
becomes significant only for high reflecting powers and com- 
paratively large plate separations. 


* Supported by Navy contract. 


K3. Forbidden Absorption Lines from Extraordinarily Large 
Orbits in Alkali Metal Atoms.* H. R. Kratz** anp J. E. 
Mack, University of Wisconsin.—Long-path, low-temperature 
absorption spectrograms show forbidden s—nd lines up to 13d 
for K I, and to 21d with resolved 2D structure to 16d in Cs I. 
Plates taken through 24 meters of rubidium vapor at 278°C 
show forbidden 5s—m1 lines of Rb I, with m1 extending. not 
only to 54d, but also from 29f to 50f and from 29g to 47g, where 
qg stands for the 1-value of a non-penetrating orbit (1>3). The 
forbidden s—nf or s—ng or absorption lines appear only for 
final states of atoms (taken as spheres of radius mere’a1, where a1 
is the radius of the first Bohr orbit) so large as to include, on 
the average, several other atoms of the gas; microscopic fields 
from these enveloped atoms might be sufficiently important to 





account for the violation of the selection rules in the macro- 
scopically field-free gas as a collision phenomenon. On the 
other hand, Aabsorption/2* equals the atomic radius for n=30, 
which might lead to large multipole transition probabilities. 

* The computations were aided by Navy contract. 


- — at the General Electric Research Laboratory, Schenectady, New 
ork. 


K4. The Absorption Spectrum of Atomic Sodium. E. R. 
THACKERAY,* University of Wisconsin.—Using a long optical 
path attained by the method of Kratz and Mack, the wave- 
lengths of the principal series of sodium in absorption have 
been measured to = 73, and observed to n=79. The members 
to n=9 have been resolved. The series limit has been computed 
to be 41449.65+0.02 cm=! from the center of gravity or 
41449.69+0.02 cm from the lower hyperfine structure com- 
ponent, of the 3s7Sj/2 term. Forbidden 3s *S1;2—nd *D3/2, 5/2 
transitions have been measured to n= 13. A critically compiled 
table of all known levels, including mp *P1/2, 3/2 to m=73 and 
nd *D3/2, 5/2 to m= 13, is given. The pressure shift from a foreign 
gas is less than reported by some earlier observers. 


* Now at Regina College, Regina, Saskatchewan. 


KS. Hollow Cathode Tube Design for Spectroscopic Hyper- 
fine Structure Studies with Small Samples.* O. H. ARROE AND 
J. E. Mack, University of Wisconsin.—An aluminum cup is 
clamp-sealed directly to a 1-inch inconel tube 30-mm long, 
water-warmed at the top and fitted to 40/12 inner-half ground 
glass joint. Above the joint is an inner seal with a sleeve tube 
extending down to the cup: A waxed-on window less than 50 
mm above the cup allows passage of a cone-shaped beam from 
the cup with a divergence greater than 1/3. A side tube leads 
to a charcoal-trap, which can be immersed beside the tube in 
one large-mouthed dewar, and to a small regulated rare-gas 
supply. The system can be evacuated with a mechanical 
pump. Rich spectrograms can be made of samples of the order 
of 1 mg. The simplicity, compactness, and portability of the 
tube, with the avoidance of diffusion pumps and cumbersome 
circulating apparatus, are especially advantageous when 
several sources, as for instance different isotopes, are to be 
compared. 


* Supported by Navy contract. 


K6. Hyperfine Structure and Isotope Shift Studies, Es- 
pecially of the Nuclear Spin of Se’’.* J. E. Mack anp O. H. 
ARROE, University of Wisconsin.—The fine structure of the 
Sell lines »v18103 and 20092, studied in natural-abundance 
and 77-enriched samples with etalon spacers up to 40 mm, 
show convincingly that the spin of Se’’ has a value greater 
than the 4 that has crept into the literature. In order to 
reconcile the value $ with our (incompletely resolved) spectro- 
grams it would be necessary to make the unattractive postulate 
for each line, that while the shift among the even isotopes is 
so small as not to affect the apparent Doppler width (~0.022 
cm~!) appreciably, the centroid of the 77 isotope is shifted 
about 0.015 cm= from that of the even isotopes. In zinc, 
progress has been made in the study of the isotope shift. 


* Supported by Navy contract. 


K7. Isotope Shift in the HeI Spectrum. Tuurston E. 
MANNING, Yale University—The isotopic structure of lines 
in the spectrum of neutral helium has been observed in the 
first order of a grating giving a reciprocal dispersion of 
1.25 A/mm. The spectrum was excited in a water-cooled 
Geissler tube using helium enriched in He* by the method of 
Reynolds et al.! Visual observation and microdensitometer 
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traces show a satelite to the long wave-length side of the He‘ 
lines that is identified as He*. Measurements of these lines 
show approximate shifts of 1.35 cm™ for \6678, 1.18 cm! for 
45048, and less than 1.20 cm for AAS016, 4922. These 
values are considerably higher than theoretical values calcu- 
lated from the Hughes-Eckart approximation,? and the dis- 
crepancies do not seem to be explained as experimental error; 
this agrees with interferometric measurements on A5016 by 
Bradley and Kuhn.* The relation of this work to that of 
Andrew and Carter‘ on \6678 will be discussed. 

1C, A. Reynolds ef al., this bulletin. 

2D. S. Hughes and C. Eckart, Phys. Rev. 36, 694 (1930). 


3L. C. Bradley and H. Kuhn, Nature 162, 412 (1948). 
¢A. Andrew and W. W. Carter, Phys. Rev. 74, 838 (1948). 


K8. Electron-Nuclear Potential Fields from Hyperfine 
Structure. A. L. SCHAWLOW AND M. F. CRAWForD, University 
of Toronto.—Rosenthal and Breit and Racah formulated a 
relativistic theory of the effects of finite nuclear size, with the 
consequent departure from a Coulomb field, on the atomic 
energy levels and on the interaction between electrons and 
nuclear magnetic moments. The first effect leads to an isotope 
shift, and the second to a correction for the nuclear magnetic 
moment deduced from hyperfine structure splittings. The 
experimentally measured isotope shifts for unperturbed levels 
arising from ms configurations of HgII, TIIII, PbIV are 
analyzed and found to be proportional to ¥*(0) as predicted. 
The magnitudes of the observed shifts give the same relative 
change in nuclear radius. The validity of the perturbation 
method and screening of inner completed electron shells by 
the valence electron are considered. Induction values of nuclear 
magnetic moments for thallium are 15 percent higher than 
the spectroscopic. Agreement is obtained when the spectro- 
scopic values are corrected for the finite nucleus with a uniform 
charge distribution. 


K9. The Source of Highly Forbidden Lines in CdI.* 
FERNAND E. DELOUME AND JOHN R. Hotmss, University of 
Southern California.—The transitions n*Po—m'So and n'P2 
—n'So in atomic spectra are forbidden by all selection rules. 
Nevertheless these ‘‘forbidden’”’ lines are observed in Hg, Cd 
and Zn. Bowen! suggested that they arise from the odd 
isotopes because of the nuclear magnetic moment. Mrozowski? 
studied the line \2656A (6%P»o—6'So) in Hg and found two 
components corresponding to the two odd isotopes, but their 
relative intensities are not the same as the relative abundances. 
To investigate independently Bowen’s suggestion, a Cd sample 
enriched in Cd"! to 64.5 percent (courtesy of AEC) was 
excited in an electrodeless discharge so that the lines \3320A 
(5*Po—5'4So) and A3141A(5%P2—51S9) appeared strongly. The 
intensities of these lines were compared with the same lines 
from an unenriched sample (odd isotope 25.3 percent) identi- 
cally excited. In the enriched sample the intensities of the 
lines were found to be increased in proportion to the increase 
in abundance of the odd isotope. 

* Work partly supported by ONR 


11, S. Bowen, Rev. Mod. Phys. 8, ‘55 (1936). 
2S. Mrozowski, Rev. Mod. Phys. 15-16, 153 (1943-44). 


K10. Hydrogen Bonding and Isomeric Forms in Bis- 
Phenols. NorMAN I). COGGESHALL, Gulf Research & Develop- 
ment Company.—The hydrogen bond is known to be a strong 
force of attraction between hydroxyl groups. It is the result 
of the uneven distribution of valence electrons between the 
hydrogen and oxygen atoms of the hydroxyl groups which 
gives rise to electrostatic and dipole-dipole forces. Hydrogen 
bonding may be inter-molecular, i.e. between different mole- 


cules, or intra-molecular, i.e. between polar groups within the 
same molecule. It is conveniently studied by means of infra-red 
absorption spectroscopy. The fundamental absorption fre- 
quency of the hydroxyl group decreases as the group be- 
comes hydrogen bonded. Such a study has been made of a 
series of bis-phenols. A bis-phenol comprises two phenolic 
nuclei bridged through an aliphatic group. These compounds 
are found to exist in three states: a cis isomeric form, a trans 
isomeric form, and inter-molecularly bonded. The cis form 
corresponds to an orientation, through rotation of the valence 
bonds joining the phenolic nuclei to the bridging group, such 
that the hydroxyl groups on the two phenolic nuclei are 
hydregen bonded. The trans form corresponds to an orientation 
such that the hydroxyl groups are not under the influence of 
each other and yet are not inter-molecularly bonded. The 
distribution among the various states was found to depend 
primarily upon the nature of the bridging group and the form 
of substitution. If the bridging is through a 1,1 substitution on 
the bridging group both cis and trans forms are found. 


K11. Spectroscopic Investigation of the Carbon Monoxide- 
Oxygen Reaction.* GrorGE A. HORNBECK AND HELEN §, 
HopFiELD, The Johns Hopkins University—Some of the 
characteristic flame bands of CO-oxygen combustion, which 
were previously attributed to the COz molecule, have been 
identified as the Runge bands, which are due to the *2,,-—>*2,- 
transition of the neutral oxygen molecule. The so-called 
“atmospheric absorption”’ bands, due to the !2,*+—>*,~ transi- 
tion of neutral O2, have also been obtained in emission. 
Spectrograms of these bands were obtained from both the self- 
sustained and explosion flames of CO and oxygen, Additional 
spectroscopic information on the OH radical in flames has 
been obtained. 


* The work described in this paper has been supported by the Bureau of 
Ordnance, U. S. Navy. 


Solid-State Physics, Including Magnetism 


Ll. Study of Transient Stresses in Photoelastic Media. 
Joun S. Stanton, Naval Ordnance Test Station, Pasadena.— 
A technique for measuring transient stresses in photoelastic 
media has been reported.! Studies using this technique are 
applied to: (a) measuring the velocity of stress waves in 
Plexiglas, (b) studying the effect of cavities within the model, 
(c) assessing the effect of surface waves in plastic, (d) meas- 
uring the lag with which the photoelastic pattern follows 
initiation of stress in the model, (e) studying the effect of 
embedding metals in the plastic, (f) observing the phenomena 
accompanying spreading of the wave into a widened section, 
(g) studies in birefringent fluids, and (h) the effect of ‘tem- 
perature on Plexiglas models. 


1J, S. Stanton, Rev. Sci. Inst. 20, 139 (1949). 


L2. Spectral Emissivity and Conductivity of Titanium.’ 
WALTER C. MICHELS AND SALLY E. WILForD, Bryn Mawr 
College—Measurements have been made on two samples, 
rolled rod and 17 mil wire, of 99.5 percent pure titanium.’ 
The spectral emissivity (0.6654) was determined by com- 
parison with the brightness of a black body over the range 
from 1050°K to 1400°K. The resistivity was measured from 
room temperature to 1400°K. At 20°C the resistivity is 77 
ohm cm and the temperature coefficient is 0.0026 per degree. 
The resistance follows a T°-75 law quite precisely up to 600°K, 
but above this it increases less rapidly with increasing tem- 
perature and shows a flat maximum in the neighborhood of 
the reported transition at 1153°K. The maximum resistivity 
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is 183 ohm cm. At still higher temperatures the temperature 
coefficient is a small, but measurable, negative quantity. The 
spectral emissivity shows a minimum value of about 0.59 in 
the region of maximum resistance. 

1 This work is assisted by a Frederick Gardner Cottrell Grant from the 


Research Corporation. 
2 Supplied by Mr. C. I. Bradford of the Remington Arms Company. 


L3. Thermo-Optic Properties of Cubic Crystals. Exras 
BURSTEIN AND Paut L. SmitH, Naval Research Laboratory.— 
Data on the change in refractive index with density at con- 
stant temperature, (d”/dp)r, yield information about the 
change in the average polarizability of the atoms with change 
in equilibrium interatomic distance.! Further information 
about the dynamic changes in polarizability can be obtained 
by combining (dn/dp)r data with data on the change in re- 
fractive index with temperature, dn/dT. This yields data on 
the change in refractive index with temperature at constant 
density, (8n/8T),, and on the change in the average polariza- 
bility of the atoms with temperature. The changes in polar- 
izability can be correlated with shifts in the absorption 
frequencies and changes in the transition probabilities. From 
available photoelastic and thermo-optic data for the alkali 
halides it is shown that the density contribution to the change 
in polarizability with temperature is larger than the tempera- 
ture contribution. It is concluded that the shift in absorption 
frequencies in the alkali halides with change in temperature 
results primarily from density effects. 


1H. Mueller, Phys. Rev. 47, 947 (1935); E. Burstein and P. L. Smith, 
Phys. Rev. 74, 229 (1948), Proc. Ind. Acad. Sci. A28, 377 (1948). 


14. Radial Density Function for Crystals from X-Ray 
Intensity Data.* WILLIAM J. TAyLor, The Ohio State Uni- 
versity.—A radial electron-density function for crystals may 
be obtained by averaging the Patterson vector function over 
all orientations. The radial function is 


R(r)—R(o)= (5, aase” 
i=1 2xsir 


0<si1<s2<-++ are the distinct values of the reciprocal inter- 
planar distances, dyxi!, which occur in the lattice. $(s;) is 
the sum of all | Fre|* for which dy =s;. $(ss) is obtained 
directly from the integrated intensity of the corresponding 
line in the powder diffraction pattern, using the relation 
ss=2 sind;/A. R(o)=|Fooo|? is the square of the average 
electron density. The Fourier cosine transform, 


—-¥(s)= f° [RO)—R( 2 )] cos2asrdr 


is a step function, such that $(s;)=4s:[y(ss—0)—y(si+0)], 
and the powder diffraction pattern of a crystal is therefore 
uniquely determined by the radial function. The radial func- 
tion should have some application to the determination of 
interatomic distances in molecular crystals. 

* This work was carried out in The Ohio State University Cryogenic 


Laboratory under contract between the Office of Naval Research and The 
Ohio State University Research Foundation. 


LS. An X-Ray Diffraction Study of the Gold-Beryllium 
Alloy System.* G. P. CHATTERJEE AND S. S. Sipnu, Umi- 
versity of Pittsburgh.—Forty-two samples of gold-beryllium 
alloys, varying from 0 to 100 atomic percent beryllium in 
composition and prepared by two different methods, were 
studied both by the powder and the back-reflection x-ray 
diffraction methods. A few selected samples were examined 
with a microscope. The beryllium used in making the alloys 


was 99.9 percent pure. Its diffraction pattern showed that it 
contained both the a- and the 6-forms. The following phases 
at room temperature (about 25°C) were identified: (1) solid 
solution of beryllium in gold, (2) AusBe, (3) AusBe, (4) AuBe, 
(5) AuBes, (6) AuBes, and (7) solid solution of gold in beryl- 
lium. Solubility limits of solid solutions, crystalline structure, 
lattice parameters, volume of unit cell, number of molecules 
per unit cell, and density of each intermediate phase were 
determined. Numerical values of above factors will be pre- 
sented and discussed. 


* Supported in part by ONR. 


L6. New Ferroelectric Crystals. B. T. Matrutas, ELiza- 
BETH A. Woop, AND A. N. HoipeEn, Bell Telephone Labora- 
tories.—In ABO; compounds having the perovskite structure, 
ferroelectric effects occur when the radius ratio A/B lies 
between 1.9 and 2.1,-and at the same time the electronic core 
of the B ion has a closed shell configuration. Potassium and 
sodium metacolumbate, as well as potassium and sodium 
metatantalate, were found to be ferroelectric. Below their 
Curie points they go through one or more polymorphic transi- 
tions which change their domain structure. The dielectric 
constants are high and the crystals are piezoelectric. Approxi- 
mate values for the Curie points are as follows: KCbO; 
~325°C, NaCbO;~425°C, KTaO3~275°C, NaTaO,~475°C. 


L7. Thermomagnetic Investigations of Promoted Iron Oxide 
and Iron Catalysts. Louis R. MAXWELL, The Naval Ordnance 
Laboratory AND STEPHEN BRUNAUER, Bureau of Ordnance.— 
The Curie point and the intensity of magnetization of certain 
singly and doubly promoted iron oxide catalysts have been 
determined using an experimental arrangement similar to 
that developed by P. DeJean.! The singly promoted systems 
studied were Fe,O, containing small amounts of one of the 
following: LizO, NazO, K,0, Cs,0, CaO, BaO, B2Os, Al.O; 
and SiO:. For these materials, the Curie point was found to 
be practically the same as for pure Fe;O,. One catalyst 
showed nearly a 50 percent reduction in intensity of mag- 
netization by the addition of 1.7 percent BaO (by weight). 
The doubly promoted systems contained additions to FesO,4 
of Al,O; and one of the following (in small amounts): Li,O, 
Na.20, K,0, MgO, CaO, BaO, and SiO:. The Curie point for 
these materials varied only slightly and was either equal to 
or less than that for pure Fe;O,. Large reductions in the 
intensity of magnetization were observed. Measurements on 
some of these materials, made after reduction in hydrogen, 
showed that they behaved magnetically the same as pure iron. 

1P, DeJean, Ann d. Physik. 18, 171 (1922). Calibration measurements of 


the intensity of magnetization for this apparatus were furnished by Mr. R. 
L. Sanford, National Bureau of Standards. 


L8. Magnetic Properties of Ferromagnetic Ferrite. Hac P. 
ISKENDERIAN, Federal Telecommunication Laboratories.—The 
breakdown of permeability of ferroxcube III ferrite cores 
(developed by Philips of Eindhoven) above 1 Mc was recently 
attributed* to a resonance phenomenon which is a function 
of the linear dimensions of the core and, therefore, it was 
claimed, not due to a true resonance of domains, as formerly 
reported.** Incremental permeability and core loss measure- 
ments made at this laboratory on ferroxcube III sample 
rings, give further evidence of this ‘‘resonance”’ effect being a 
function of the core dimensions; however, it is revealed that 
breakdown of permeability is also due to internal magnetic 
effects. Peaks of permeability and core losses are obtained at 
frequencies of 5 to 30 Mc, for specific polarizing fields, the 
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peaks becoming broader for increasing frequencies. An inter- 
pretation of these peaks is that, for a given increment in 
polarizing field, there is a corresponding change in perme- 
ability, hence of effective length of path to electromagnetic 
waves, and of resonant frequency. After allowing for skin 
effect, the magnitudes of the permeabilities for all of these 
peaks are smaller than the low frequency (1 Kc) values, for 
the same polarizing fields. This additional loss of permeability 
appears to be due to internal magnetic damping effects. 

* (I) F. G. Brockman, P. H. Dowling and W. G. Steneck; (II) P. H. 


Dowling and F. G. Brockman, Bull. Am. Phys. Soc. 24, No. 1, 25 (1949). 
** L, Snoek, Physica 14, 207-217 (1948). 


L9. A Series Expansion at High Temperatures for the 
Partition Function of the Three-Dimensional Ferromagnet. 
D. TER Haar, Purdue University—Using Opechowski’'s 
method,! a series in decreasing powers of T has been calculated 
for the partition function of the three dimensional ferromagnet. 
The symmetry of the crystal is supposed to be simple cubic. 
If the coupling constant is denoted? by J and K=J/2kT, the 
partition function \ is given by the series 


3 31 5461 | 
oi Lt ed ee, 
21 +5e4+ 5K ur a 
This series can be used to compare various approximation 
methods in the same way as was done for the two-dimensional 
ferromagnet by Kramers and Wannier.? 


1W. Opechowski, Physica 4, 181 (1937). 
2H. A. Kramers, G. H. Wannier, Phys. Rev. 60, 252 (1941). 


L10. The Permanency of Magnetism in Sedimentary Rocks. 
JoHN W. GraHaM, Carnegie Institution of Washington.—In 
order to investigate the permanency of magnetism in sedi- 
mentary rocks, observations have been made of the directions 
of remanent magnetization in beds that were deformed or 
folded at remote times. The magnetic moments of these 
samples range from 10~ to 10‘ c.g.s. units/cc. In a 25-million 
year-old conglomerate, composed largely of small slabs of fine 
grained sedimentary rocks, the directions of magnetizations 
of the various slabs are greatly scattered, in accordance with 
the random attitude of the slabs in the conglomerate. The flat 
lying undisturbed source beds of these slabs are in contrast 
homogeneously polarized, apparently as a result of primary 
sedimentation processes. The polarizations in a fine grained 
ferruginous sandstone bed 350 million years old that was 
severely folded 200 million years ago, make angles with one 
another throughout the fold of as much as 127 degrees. When 
the variously inclined beds of the fold are graphically recon- 
structed to lie flat once again, the widely divergent polariza- 
tions become parallel within +10 degrees. This is regarded 
as evidence that as the bed was folded, the directions of 
magnetization were inclined in the same way as the bed at 
each point in the fold, and that since the time of the folding, 
the directions of magnetization have not altered. Similar 
findings in other studies make it appear that an unchanging 
remanent magnetism in sedimentary rocks is not unusual. 


L11. Gyromagnetic Ratios and Splitting Factors of Ferro- 
magnetic Substances. CHARLES KITTEL, Bell Telephone 
Laboratories—A ferromagnetic resonance experiment deter- 
mines the spectroscopic splitting factor g from hy=gupHer, 
whereas a gyromagnetic experiment determines the magneto- 
mechanical factor g’ from eg’/2mc=(magnetic moment)/ 
(angular momentum). For a central field of force g=g’. An 
atom in a solid is subjected to non-central forces from neigh- 
boring atoms, and it is observed experimentally in ferromag- 
netic substances that g is usually greater than two (g~2.2), 
whereas g’ is usually less than two (g’~1.9). Similar behavior 


was discussed for paramagnetic salts of the iron group by 
Gorter and Kahn, who evaluated g from the ratio of the 
measured susceptibility to the spin-only susceptibility. A simple 
example for which g¢’ is furnished by Nit* in a suitable cubic 
electric field. The ground state of the free ion is *F; in the 
crystal the ground state wave function is (y2—y-2)5S; in the 
zero approximation, and the orbital factor is nonmagnetic, 
With spin-orbit coupling the essential terms in the ground 
state function are [(1+e)y2—(1—e)y_2)]S: from coupling 
with the higher state (y2+y-_2)S:; here e= —A/6é. The orbital 
factor is now partly magnetic, so that g22+4e; g/=2—4¢, 
For Nit* salts g=22.25, whence e«=0.06, and we would expect 
g’21.75. 


L12. Hall Effect in Ferromagnetics. I. EMERSON M. Pucu, 
Carnegie Institute of Technology.—Early experiments! with 
ferromagnetic materials below saturation indicate that the 
Hall e.m.f. is proportional to the intensity of magnetization M 
rather than to the magnetic field H as in non-magnetic ma- 
terials. Because of demagnetizing effects in the early experi- 
ments the values of H in the interior of the samples were 
always so small that effects proportional to H could not be 
detected. The measured Hall potential difference e, could be 
written ¢,=kiMb where k is constant, ¢ is the current density 
and 6 is the distance between the Hall probes measured per- 
pendicular to both the current density and the intensity of 
magnetization. It is shown that this result is consistent with 
the assumption that the Hall potential gradient Ey in each of 
the domains of the ferromagnetic material is given by the 
vector equation E,=kiXM. This relation is valid when M 
varies from domain to domain either in direction or magnitude 
or in both. 


1A. Kundt, Wied. Ann. 40, 257 (1893); Emerson M. Pugh, Phys. Rev. 36, 
1503 (1930); E. M. Pugh and T. W. Lippert, Phys. Rev. 42, 709 (1932). 


L13. Hall Effect in Nickel. II. ALBERT I. SCHINDLER AND 
EMERSON M. PuGu, Carnegie Institute of Technology.—Experi- 
ments in commercially pure nickel at fields well above satura- 
tion have shown that the Hall e.m.f. follows the equation 


en= Ri(H+a4rM)b 


and are consistent with a Hall electric field E, of E,=Ri 
X (H+a41M) where R and a are constants of the material 
If R is taken to be 1/nec as in non-magnetic metals, n is found 
to be 8.8 X 10%, that is, 1.0-+-0.2 conduction electrons per atom. 
This result is close to the theoretical value of 0.6 conduction 
electron per atom. If the average magnetic field experienced 
by the conduction electrons were equal to the magnetic in- 
duction B, then @ should be equal to unity. However, the 
experiments show that @ is equal to 12+2. This appears to 
indicate that the average magnetic field experienced by con- 
duction electrons in a ferromagnetic material is very much 
higher than B. 


Molecular Spectroscopy 


P1. Theoretical Computation of Transition Probabilities for 
Electronic Spectra of C, and N,+. HARRISON SHULL AND R. S. 
MULLIKEN, University of Chicago.—The oscillator strengths 
for the transitions *II,<>°II,, (Swan bands) and 4II,¢>"I1, of C: 
and 22,*¢>22,+ (ist negative bands) of N2* have been com- 
puted. To a good approximation, correct results are obtained 
by treating the above transitions as one-electron transitions, 
xo,<>yo.,. The MO’s are taken as linear combinations of Slater 
AO’s, with xo, and yo, of the forms xog+xos and you— Jor, 
respectively. Here xo is intermediate between pure 20 and 
the digonal hybrid AO, (2s—2pc)/v2, and yo is between 
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pure 2s and this digonal hybrid. For Cs, *I,+-*I,, the f 
number for the extreme case of both xo and yo digonal is 
0.27; for the extreme case of xo as pure 20 and yo pure 2s, 
0.028; for the intermediate case xv 70 percent 2p0 and 30 
percent 2s and yo 70 percent 2s and 30 percent 2po, 0.22. 
Experimental evidence indicates that hybridization is strong. 


P2. The Infra-Red Absorption Spectra of Seven Freons. 
EARLE K. PLYLER, National Bureau of Standards.—The infra- 
red absorption spectra of CH2F:, CF., CCIF;, CHCIF:, 
CHCI.F, CCl:F: and CCl;F have been measured. The two 
active fundamentals of CF, were observed at 630 and 1277 
cm~! and 17 additional bands of low intensity were observed 
between 3 and 10u. Twenty bands were found in the absorption 
spectra of CCI;F. Five of the six fundamentals have been 
identified and the first harmonic of the sixth has been observed 
at 20.24. The other bands of CCI;F have been classified. These 
spectra have been compared with other substituted methanes 
not containing fluorine. The C—F binding force is greater than 
the force between the other halogens and carbon. The two long 
wave-length bands of CF2Cl2, which should appear between 30 
and 40u, were not observed. Twenty-eight bands were ob- 
served in the region below 25y, six of which have been classified 
as fundamentals. The compounds were measured in the vapor 
state with 5 and 10 cm cell lengths. 


P3. Fluorescence Studies on Some Mono-Substituted Ben- 
zenes in the Near Ultraviolet.* ARNoLD M. Bass anp H. 
SPONER, Duke University.—Fluorescence bas been studied in 
the near ultraviolet for several benzene mono-derivatives in 
the vapor state, The fluorescence was excited at vapor pres- 
sures of about 10-20 mm Hg using in most cases light from 
condensed sparks. The spark electrodes were selected so that 
the excitation of the molecules by the light was mainly into the 
strong absorption region near the 0,0 band. This was achieved 
by choosing suitable strong spark lines in conjunction with 
short wave cut-off filters. The spectra were photographed in a 
medium Bausch and Lomb quartz spectrograph. The com- 
pounds studied are fluorobenzene, toluene, benzonitrile, and 
chlorobenzene. Except for chlorobenzene which showed no 
fluorescence each of the compounds was found to give a dis- 
crete band spectrum in the region 2600-3000A. The number of 
bands observed ranged from 65 in the fluorobenzene spectrum 
to about 125 in benzonitrile. Comparison of the fluorescence 
with the absorption spectrum shows that the two spectra are 
identical in the region of overlap. Analysis shows that carbon 
ring vibrations and hydrogen vibrations appear excited in the 
fluorescence spectrum. Several progressions of symmetric 
vibrations are identified. Other bands are explained as re- 
sulting from combinations of fundamental vibrations. Sym- 
metry assignments are discussed for some vibrations. 


* This work was supported by ONR. 


P4, Remarks on the Low Lying Singlet Electronic Levels in 
Naphthalene.* GeRTRUD P. NoRDHEIM AND H. Sponer, Duke 
University.—Calculations of the electronic terms of naphtha- 
lene lead to a different succession of levels depending on the 
theoretical approach. The HLSP method (Blumenfeld) gives 
a moment in the long molecular axis for the transition from the 
symmetrical ground state to the lowest allowed excited state, 
and a moment along the short axis for the next allowed transi- 
tion. The order of the two transitions is reversed where the MO 
method is used (German, Coulson, Simpson). The latter result 
is also obtained with Platt’s modified free electron model. 
Calculations using the HLSP method give in addition an ex- 
cited symmetric level presumably lower than the first allowed 
level. The near ultraviolet absorption spectrum of naphthalene 
originally described by Henri and de Laszlo as one system ex- 
hibits two regions of different patterns, and oscillator strengths 


in the ratio 1:15. This suggests two separate electronic transi- 
tions. An attempt is made to decide between the different 
theoretical level schemes from an analysis of the spectrum 
using experimental data obtained for the vapor, the solid, and 
for liquid and rigid glass solutions in absorption and fluores- 
cence (Henri, Prikhotjko, Kasha). Serious difficulties will be 
pointed out when trying to reconcile existent experimental data 
with either theoretical level scheme. 


* This work was supported by ONR. 


PS. The Infra-Red Absorption Spectrum of Diborane. W. E. 
ANDERSON* AND E. F. BARKER, University of Michigan.—The 
infra-red absorption spectrum of diborane has been examined 
under high resolution from 3.7 to 314 with automatic recording 
grating spectrometers. The rotational fine structure in two 
bands of each of the three types characteristic of asymmetric 
top molecules has been measured. All results and observations 
are consistent with the conclusion that diborane has the bridge 
structure, and belongs to the same symmetry point group, V4, 
as ethylene. The observation and structure of the band with 
center at 368.7 cm™! provides spectroscopic evidence that the 
molecule is non-planar, and makes more definite the assign- 
ment of fundamental frequencies. Data on all bands fit quite 
well the symmetric top approximation, since accidentally two 
principal moments of inertia are approximately the same. 
Type A bands with centers at 2519.5 cm and 1173.8 cm= 
yield the value of 0.582 cm for rotational constant B, which 
is proportional to the average of the reciprocals of the two 
larger effective moments of inertia. From the type B band at 
2608.6 cm~! and the type C band at 972.7 cm™ the values ob- 
tained for rotational constant (A — B) are 2.081 and 2.079 cm=! 
respectively, where A is inversely proportional to the minimum 
effective moment of inertia. 


* Now at The Citadel, Charleston, S. C. 


P6. The Forces Between Ammonia Molecules. VERNON 
Myers, Pennsylvania State College—The long range attractive 
forces between ammonia molecules were calculated from the 
known dipole moment and optical dispersion data. The short 
range repulsive forces were approximated by a hard sphere 
model. The molecular diameter was determined from a com- 
parison of the experimental and calculated second virial 
coefficients. The differences between the computed and ob- 
served virial coefficients varied from —13 percent at 300°K to 
10 percent at 600°K for a molecular diameter of 3.16A. 


P7. Characteristics of the Untuned Cavity Microwave Spec- 
troscope.* I. R. WEINGARTEN** AND G. E. KIMBALL, Columbia 
University —The successful use of bolometers to measure 
transient as well as steady state energy density in an untuned 
cavity has been reported. It has also been reported that 
Lamb’s formula for radiation loss through a window was 
verified using bolometers to observe decay transients.! Lamb 
also predicted the dependence of energy sampling on the 
number of excited modes in the cavity and the total length of 
detectors. These results have been investigated for cavities 
with thermocouple and bolometer detectors. The sampling 
fluctuation is found to decrease inversely as the square root of 
the number of detectors and excited modes. It is also shown 
that the signal sensitivity is proportional to the total length of 
bolometer detectors. The practical limitations determining 
signal as well as absorption sensitivity are considered in their 
influence on the design of a working spectrometer. A method is 
also presented and analyzed for using a small sampling cell in 
the larger cavity, when making measurements on strongly 
absorbing gases. 

* Work supported by the Signal Corps and ONR. 


** Present address: Taller and Cooper Inc., Brooklyn, N. Y 
1 Weingarten and Kimball, Bull. Am. Phys. Soc, 24, No. 1, 58 (1949). 
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P8. Spectroscopy between 1.5 and 2 mm. Wave-Length 
Using Magnetron Harmonics.* J. H. N. LouBsEr** anp C, H. 
Townes, Columbia University —Magnetrons of fundamental 
wave-length 1 cm or less generate enough harmonic power to 
allow spectroscopic work to wave-lengths at least as short as 1.5 
mm.! The ratio of power between fundamental, 2nd, 3rd, 4th, 
and 5th harmonic is 10°:4000:20:4:1 in a typical case. 
Harmonic outputs of magnetrons vary greatly, however, with 
operating conditions, impedance match, and with magnetron 
design. A Golay cell was used and found to be a satisfactory 
detector for wave-lengths in the millimeter range, where it was 
approximately as sensitive as in the infra-red region. Absorp- 
tion due to the lowest frequency rotational transition of the 
molecule D J was observed at 1.55 mm wave-length. Absorp- 


tion due to the NH; inversion spectrum at 12 mm was meas- 


ured as a function of wave-length between 6 mm and 2 mm 
with pressures of one atmosphere and less. The measurements 
agree reasonably well with the Van Vleck-Weisskopf line 
shape, being approximately constant between 6 mm and 2 mm 
wave-length. 

* Work supported jointly by the Signal Corps and ONR. 

** Carbide and Carbon post-doctoral fellow in physics. 

1 We have benefitted from discussions with Professors J. H. Rohrbaugh 


and J. H. Greig who first detected magnetron harmonics in the millimeter 
range. 


P9. Microwave Rotational Spectrum of CH:=CF:.* A. 
ROBERTS AND W. F. EDGELL, State University of Iowa.—Over 
eighty lines in the spectrum of CH2CF:2 have been observed, 
mainly between 21,000 and 29,000 mc. Fifteen lines have been 
identified, with the assistance of Stark effect measurements. 
The analysis yields the following molecular constants: 

a =11,001.8-+1 mc 
b =10,428.5 +1 mc 
¢ =5345.6+1 mc 


K = +0.7973 +0.0001 
uw =1.366+0.02 debye 


Present data are consistent with the following assumed pa- 
rameters, although some modification is to be expected from 
the analysis of isotopic molecules: 


C—F =1.32 A° FCF angle =110° 
C=C =1.31 A° HCH angle =110° 
C—H =1.07 A° 


Lines which are tentatively ascribed to C¥F,CH2 have been 
observed; an analysis is in progress. 


* This research was supported in part by ONR. 


P10. Microwave Spectra of Nitrous Oxide. D. K. CoLeEs 
AND R. H. HuGues, Westinghouse Research Laboratories.—The 
rotational transition J=0 to J=1 of the N2O molecule has 
been observed for all different combinations of the N* and N?5 
isotopes. Rotational frequencies are listed below in megacycles 
per second: 


N18N15016—24,274.78 
N4N4Ol6—24,274.60 
N4N18016-—25,121.55 
N¥4N¥4Ol6—25, 123.25. 


It is noteworthy that the heaviest isotopic species, N!5N150!6, 
actually has a smaller effective moment of inertia than the 
lighter species N!5N"“O"*, This anomaly can be explained as an 
effect of the isotopic substitution on the zero-point vibration 
of the molecule, which in turn influences the average moment 
of inertia. Internuclear distances, as calculated from the 
several rotational frequencies above, differ among themselves 
by as much as 0.02A. Measurements of line width and Stark 
effect give an intermolecular collision cross section of 180A? 
and a dipole moment of 0.16 debye units. 


P11. Dispersion in NH; in the Microwave Region.* GEORGE 
BirNBAUM, National Bureau of Standards.—When certain 
analytic conditions are satisfied by the complex dielectric con- 
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stant, e=e’—ie’’, its behavior is completely determined if 
either ¢’ or e’’ is specified over the entire frequency range.! 
Using ¢« given by Van Vleck and Weisskopf for collision 
broadened lines, the absorption equation where a= 2zve’’ cm=! 
is fitted to data on the absorption of microwaves by ammonia,* 
from v=0.31—1.2 cm™, at pressures of 10, 30, and 76 cm Hg. 
The behavior of ¢’ due to this absorption is computed by using 
the values for the line widths and resonant frequencies ob- 
tained from the curve fitting. The contribution of the micro- 
wave absorption to the static value of e’ is calculated from the 
integrated line intensity by ¢’(0)—1=1/z*f0*(adv/y*). Com- 
puted dispersion curves are found to be in agreement with data 
obtained on the variation of e’ with pressure,? up to 76cm Hg 
at 0.093 and 0.31 cm™. 

* This work was part of a thesis presented for the M.S. degree at George 
Washington University. 

1J. H. Van Vleck, Radiation Laboratory Report No. baa 


27. R. Weingarten, Columbia Radiation Lab. Rpt. May 
3H. Lyons, G. Birnbaum, and S. J. Kryder, Phys, Rev. v4, 210A (1948), 


Solid-State Physics, Mostly Semi-Conductors 


Q1. Sensitized Luminescence of Alkali-Halide Phosphors. 
J. H. Scuutman, E. BursteEtn, R. J. GINTHER, M. WHITE, AND 
L. W. Evans,* Naval Research Laboratory.—NaCl: (Pb+ Mn) 
phosphors, precipitated from NaCl—MnCl2:— PbCl: solutions 
by HCI, exhibit orange emission under 2300—3200A excitation. 
NaCl:Mn prepared by this procedure is substantially non- 
absorbing and non-luminescent upon irradiation with light of 
wave-length greater than 2200A. NaCl: Pb hasa sharp absorp- 
tion and excitation band at 2730A, resulting in weak, near 
ultraviolet luminescence. NaCl: (Pb-++Mn) also shows an ab- 
sorption band peaking at 2730A, but in some preparations an 
additional absorption peak is observed at 2590A. Excitation 
peaks at 2730A and 2590A are found for the orange emission 
of the NaCl:(Pb+Mn) phosphors, even when a resolved 
2590A absorption peak is not observable. The ultraviolet 
emission from NaCl:(Pb+Mn) is considerably weaker than 
that from NaCl:Pb. The data indicate that NaCl: (Pb+Mn) 
is a sensitized luminescent system. Preliminary observations 
indicate the occurrence of sensitized luminescence in other 
manganese-activated alkali halide phosphors. Heating of pre- 
cipitated NaCl:(Pb+Mn) irreversibly destroys the 2590A 
excitation peak, leaving only the 2730A band. This indicates 
that the precipitated phosphor contains an unstable and a 
stable configuration of activator and sensitizer. Some sugges- 
tions concerning the nature of the different configurations are 
discussed. 


* Present address: Sylvania Electric Products, Inc., Emporium, Penn- 
sylvania. _ 


Q2. On the Structure of the Barrier Layer in Dry Disk 
Rectifiers. K. LEHovec, Signal Corps Engineering Labora- 
tories.—Impedance measurements on dry disk rectifiers at 
different frequencies are interpreted in terms of a “resistivity” 
distribution within the barrier layer. If a small a.c. voltage is 
superimposed on a d.c. bias, the following data can be obtained 
from the resistivity curve (which changes with the d.c. bias): 
(a) the distribution of the local field intensity within the 
barrier layer, (b) the corresponding distribution of the space 
charge variations, and (c) the change of the local space charge 
density with the d.c. bias. Measurements on selenium rectifiers 
indicate that the change of space charge density with d.c. bias 
spreads over a considerable part of the barrier layer, which, 
therefore, is not an exhaustion layer with immobile impurities. 
Illustrative curves are presented. 


Q3. Calculations of the Energy Levels in Elemental Silicon. 
D. K. Hotmes, Carnegie Institute of Technology.—Bloch-type 
wave functions of zero wave number are formed by use of 
the cellular method in combination with group theory. These 
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yield the energies of the states at the top of the filled band 
and at the bottom of the empty band, if it is assumed that 
these states are associated with zero wave number. The 
calculated energy gap between the two bands varies from 
10 to 5 electron volts.as the internuclear spacing changes 
from 4.44 to 5:50 Bohr radii. (This work resembles previous 
calculations by G. E. Kimball and J. F. Mullaney.) The 
effective electron mass associated with the empty band is 
calculated by performing numerical integrations over the unit 
cell of the zero wave number functions determined above and 
perturbing functions. This electron mass is found to vary from 
0.22 to 0.16 that of the free electron mass over the same range 
of internuclear separations as above. The work is being ex- 
tended to wave numbers on the surface of the Brillouin zone. 


Q4. Some Observations on the Photoeffect in Cadmium 
Sulphide. A. Rose, P. K. WEIMER AND S. V. ForGug, RCA 
Laboratories Division.—Exceedingly high photo-currents have 
been reported for pure, single crystals of cadmium sulphide.! 
Models for this, as well as other photoconductors showing a 
secondary photoeffect, have been presented? in which electrons 
from the metal electrodes travel the full inter-electrode dis- 
tance. Their transit is permitted by the action of light in re- 
ducing space charge and/or filling electron traps. In contrast to 
the above, we have found similarly high photo-currents in 
polycrystalline samples of cadmium sulphide and in samples 
that have been baked in oxygen. Since it is improbable that the 
metal electrons traveled the full interelectrode distance (of the 
order of millimeters), a model for the secondary photoeffect is 
suggested which makes use of multiple thin insulating barriers 
separating relatively conducting portions of the crystal. The 
barriers may be opened up by light to permit the passage of 
many electrons per absorbed quantum. Some further tests on 
“single” needle-like crystals of cadmium sulphide are not 
inconsistent with the above picture. 

1R, Frerichs, Phys. Rev. 72, 594-601 (1947). 


?R. Frerichs and A. J. F. Siegert, Phys. Rev. 74, 1875 (1948); A. von 
Hippel, J. Chem. Phys. 14, 370-378 (1946). 


Q5. Photoconductivity of Indium Selenide.* DonALD BoDE 
AND HENRY LEVINSTEIN, Syracuse University.—The photo- 
conductive properties of indium selenide have been investi- 
gated. The films were prepared by two methods. The first 
consists of direct evaporation of indium selenide in a high 
vacuum. The second consists of evaporation of successive 
layers of indium and selenium, accompanied by continuous 
heating of the film. After evaporation, films formed by the first 
method show slight sensitivity which may be increased by 
baking in a high vacuum at about 200 degrees centigrade. 
Films formed by the second method need no further heat 
treatment. White light sensitivity of the order of magnitude of 
commercial lead sulfide cells has been obtained. The long 
wave-length sensitivity limit of these films is about 2 microns. 
Their resistance for a film area of 2.50.2 cm varies between 
10° and 107 ohms, depending upon film composition and thick- 
ness. The films may be exposed to air continuously, and they 
generally show an increase in sensitivity with age. Since no 
oxygen treatment is necessary to sensitize the layers, the 
analysis of the photoconductive mechanism may be simplified. 


* This work is supported by the Air Force. 


Q6. Photoconductivity and Optical Absorption in BaO 
Crystals.* WINFIELD W. TYLER, Cornell University.—Meas- 
urements on single crystals of BaO! indicate that photocon- 
ductivity begins at about 3300A, rises rapidly in the region 
from 3300A to 3100A, then rises slowly toa maximum at about 
2300A. Measurements were made at room temperature on 
crystals about $ mm X $ mm X 1 mm in size. Currents observed 


" are secondary in nature, rising exponentially to approximate 


equilibrium values after two minutes exposure to radiation. 


Complete recovery of the crystal after exposure takes about 
twenty minutes. This behavior differs from photoconductivity 
in ZnS and diamond in the same spectral region. In these 
crystals, equilibrium conditions are obtained almost immedi- 
ately after exposure or removal of radiation. Measurements of 
the transmittance of clear crystals of BaO indicate strong ab- 
sorption starting at about 3300A. At 3150A the absorption 
constant is about 30 mm. The crystals studied were several 
tenths of a mm in thickness and no transmission was detected 
in the region from 3100A to 2000A. Any fine structure in this 
region will have to be observed using much thinner specimens 
or evaporated films. 


* Supported in part by ONR. 
1R. L. Sproull, Bull. Am. Phys. Soc. 24, 17 (1949). 


Q7. The Mobility of Electrons in Diamond.* C. C. Kiicx** 
AND R. J. Maurer, Carnegie Institute of Technology.—The 
mobility of photoelectrons in diamond has been determined be- 
tween room temperature and 100°K by measurement of the 
Hall effect. The photoelectrons were produced in a Type I 
diamond by absorption of radiation of wave-length greater 
than 3000A. The effect of polarization has been included in the 
calculation of the Hall potentials. In interpreting the data, the 
mobility of the holes has been assumed to be negligible. At 
room temperature the mobility is 900 cm?/volt-sec., a factor of 
six larger than indicated by the theory of Seitz.! In agreement 
with this theory, the mobility is inversely proportional to the 
three halves power of the absolute temperature. The tempera- 
ture dependence of the photocurrent was found to vary with 
the wave-length of the exciting radiation. Wave-lengths below 
3000A could not be used in the mobility determinations be- 
cause the resulting photocurrents yielded unsymmetrical Hall 
potentials. 


* This work was partially supported by ONR. 

** Westinghouse Fellow in Physics. Now at the Naval Research Labo- 
ratory, Washington, D. C. 

1F, Seitz, Phys. Rev. 73, 549 (1948). 


Q8. Pressure Coefficient of Resistance in Intrinsic Semi- 
conductors.* P. H. MILLER, JR., AND JuLIUS TayLor, Uni- 
versity of Pennsylvania.—The energy gap in intrinsic semi- 
conductors depends on the interatomic distance, the calcula- 
tion of Mullaney! indicating a fractional increase of gap energy 
of about 10 times the volume strain. In silicon where the 
separation of the filled and conduction bands is about 1.1 ev, 
the fractional increase resistance at 300°C should be approxi- 
mately 100 times the volume strain or 3X10-5 times the 
hydrostatic pressure in atmospheres. We have measured an 
increase in resistance in germanium (a semiconductor similar 
to silicon) with application of hydrostatic pressure at 135°C. 
This is the temperature at which the maximum in the re- 
sistivity occurs. Measurements were made at this temperature 
since the effect of variation of temperature on resistivity are 
minimized. By making estimates of the ratio of the number of 
intrinsic electrons to the number of impurity electrons, we ob- 
tain a preliminary value of the isothermal pressure coefficient 
of resistance of pure germanium at 135° of 4X 10-5 per atmos- 
phere. Thermodynamic considerations indicate that the adia- 
batic coefficients may be smaller by one quarter. 


* This work was supported by Bureau of Ships, U. S. Navy. 
1J. F. Mullaney, Phys. Rev. 66, 326 (1944). 


Q9. Electron and Hole Mobilities in Germanium Single 
Crystals. G. L. Pearson, Bell Telephone Laboratories.— 
Electrical resistivity and Hall measurements have been made 
on single crystals! of high purity germanium (both n-type and 
p-type). At ambient temperature, the resistivities of these 
samples were approximately 10 and 0.6 ohm-cm. In the high 
temperature region where lattice scattering predominates the 
electron, and hole mobilities are given by the relation we= 1.5 
= 1.35 1077—! cm?/volt-sec. These mobilities which amount 
to 2600 and 1700 cm?/volt-sec., respectively, at 300°K are con- 
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siderably higher than previous values* reported for multi- 
crystalline samples. The ratio of 1.5 for electron to hole 
mobility at any given temperature is considerably smaller than 
the previously reported value,? and indicates a mass ratio of 
m/Me= (e/un)?/5= 1.18 for germanium. 


1 The germanium was prepared by H. C. Theuerer of the Bell Telephone 


Laboratories. 
2 Torrey and Whitmer, Crystal Rectifiers, p. 63. 


Q10. Current Flow across n—p Junctions. W. SHOCKLEY, 
G. L. PEARSON, AND M. Sparks, Bell Telephone Laboratories.— 
In silicon or germanium samples containing varying donor and 
acceptor concentrations, a conversion from n-type to p-type 
may occur producing an »—? junction. For some samples the 
transition region, where there is appreciable space charge, is 
small compared to the diffusion distance of holes or electrons in 
the material of the other type. For this reason, the forward 
current flowing across an »—? junction will have an appreci- 
able hole component on the m-type side and vice versa. How- 
ever, if the material on one side has much higher conductivity, 
the current will be primarily of carriers of its type. Evidence 
for flow of carriers across the junction is furnished by studies of 
impedance as a function of frequency which show an admit- 
tance of the form (zf)#, characteristic of diffusion. The pres- 
ence of holes injected into m-type material has been shown by 
transistor action on a collector point. The rectification charac- 
teristic of several junctions has been found to follow the 
theoretical curve J <«1—exp(aeV/kT) with a=1 as predicted 
by the theory discussed. If the transition region is wide com- 
pared to the diffusion length, a junction of low resistance is 
obtained in germanium, in keeping with the low intrinsic 
resistivity at room temperature. 


Q11. Concentration of Holes and Electrons by Magnetic 
Fields. H. SuHL AND W. SHOCKLEY, Bell Telephone Labora- 
tories.—Using a small rod of n-type germanium 0.025 X0.025 
cm in cross section with a longitudinal electric field of about 
30 volts cm and transverse magnetic fields up to 20,000 gauss, 
we have obtained data indicating that holes injected into the 
rod by an emitter point have been concentrated into a layer 
less than 0.002-cm thick on one side of the filament. Hole 
concentrations at the surface have been deduced from changes 
in resistance of a probe point contact. The results have been 
interpreted quantitatively and show that injected holes decay 
chiefly by recombination on the walls; the recombination 
coefficient has the dimensions of velocity and is about 1500 
cm/sec. The increased rate of recombination occurring when 
the holes are concentrated against a surface can account for 
large apparent magnetoresistance effects observed under con- 
ditions of hole injection. Quantitative data on this effect will 
permit evaluating experimentally both surface and volume 
recombination coefficients. We are indebted to G. L. Pearson 
and J. R. Haynes for suggestions and help with germanium 
filaments. 


Contributed Papers 


R2. Improved Baffle System for Helical Focusing $-Ray 
Spectrometer. L. FELDMAN AND C. S. Wu, Columbia Uni- 
versity—A new ring focusing baffle system for the helical 
focusing beta-ray spectrometer has been designed and built to 
take advantage of the maximum solid angle as resolution 
relationships recently pointed out by theoretical investigations 
of quadratic focusing.4? The existence of the ring focusing 
property was originally pointed out by Witcher® and this 
principle was used in the design of the original baffle. However, 
to obtain best resolution for a given solid angle, the initial angle 
between the axis and the electron beam should be between 30° 
and 60°: The new baffle was designed to utilize the optimum 
condition in which the initial angle is between 32° and 44° as 
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compared with the 8.9° to 18.7° angle of the original baffle, 
Preliminary investigations indicate a factor of five increase in 
transmission of the new baffle over the original baffle with the 
same resolution. This increase in transmission of the spectrome- 
ter is a great improvement in the investigation of beta-spectra 
of sources of very low specific activity. . 

1S. Frankel, Phys. Rev. 73, 804 (1948). 

2 E. Persico, Phys. Rev. 73, 1475 (1948). 


3C. M. Witcher, Phys. Rev. 60, 32 (1941). 
4 E. Haggstrom, Phys. Rev. 62, 144 asa: Wu, Havens, Jr., Albert, and 


Grimm, Phys. Rev. 73, 1259 (1948). 


R3. Magnetic Time-of-Flight Mass Spectrometer.* Pau 
I. RicHarDs, Eart E. Hays, AND S. A. GoupsmitT, Brookhaven 
National Laboratory.—An exploratory model of the mass 
spectrometer proposed by one of us (S. A. Goudsmit, Phys, 
Rev. 74, 622-23 (1948)) has been completed. A readily available 
but very unsuitable magnet with a 15-inch pole diameter and 
2-inch gap provides the magnetic field of 600 to 1200 gauss. A 
hot tungsten foil ionizes alkali atoms evaporated from a nearby 
oven ; these are accelerated for a fraction of a microsecond by a 
pulsed grid, so that different masses receive roughly the same 
momentum and follow similar orbits. Amplified ion current 
received by a shielded plate is finally displayed on a synchro- 
scope triggered by the accelerating pulse. Results were sur- 
prisingly good for this preliminary apparatus. Although the 
dispersion is only about one microsecond per mass unit, ac- 
curacy of one in 108 near mass 100 is easily attained. The small 
magnet gap and necessary size of the source and detector at 
present restrict the observable ion revolutions to the first and 
second. We have started on another model in which the dis- 
persion will be increased by allowing the ions to travel at least 
ten revolutions. 


* Research carried out at Brookhaven National Laboratory under the 
auspices of the AEC. 


R4. Deflection of Electrons in an Inhomogeneous Electro- 
static Field. JENNy E. ROSENTHAL, Evans Signal Laboratory.— 
A mathematical method is presented for determining the de- 
flection of an electron beam in an electrostatic field produced 
by two plates charged to +Vo and — Vo, respectively. The 
plate system has two mutually perpendicular planes of sym- 
metry but is otherwise arbitrary. Because of symmetry the 
problem can be treated in two dimensions. To determine the 
potential between the plates, the given boundary is approxi- 
mated by a superposition of boundaries for which Laplace's 
equation is solved in terms of polynomials. The equation for 
the deflection of an electron entering the deflecting field witha 
constant velocity can be solved analytically to any desired 
degree of approximation provided the potential giving the 
electron its initial velocity is large compared with the deflecting 
potential. The results are applied to cathode-ray tubes, in 
particular to the problem of minimizing spot distortion without 
affecting the deflection appreciably. 


R5. A Microwave Linear Accelerator for Electrons.* D. 
ERRETT, J. MacKay, R. PEPPER, F. RIEKE, D. ROLLER, AND 
L. SttBEr, Purdue University—The accelerator employs a 
standing electromagnetic wave in a round wave guide loaded 
by circular irises. The mode of oscillation is that in which the 
longitudinal electric field has a node at each iris (#-mode). 
Power is provided by a pulsed magnetron operating at 10.6 
cm. There are eighteen irises and the spacing between them has 
been fixed on the basis of electrons with an initial energy of 300 
kev, an effective accelerating field of 10* volts/cm, and a final 
energy of 1.15 Mev. At present the accelerator is operated 
without magnetic focusing coils; stray magnetic fields have 
been reduced to less than 1/100 oersted by iron shields. The 
electrons are injected through a 1-mm aperture and emerge 
from the accelerator in a beam having a diameter of about 1.5 
cm. According to preliminary measurements made with a'° 
magnetic analyzer, the major portion of the electrons have 
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energies between 0.8 and 1.4 Mev, and there is a weak group 
with energies less than 300 kev. 


* This work was supported by the joint program of the ONR and the 
AEC. 


Nuclear Masses; Fission; Reactions of 
Transmutation Involving Electrons 
and Gamma-Rays 


Tl. The Neutron-Hydrogen Mass Difference. WILLIAM E. 
STEPHENS, University of Pennsylvania.*—The recent measure- 
ment of the energy of the neutron hydrogen capture gamma- 
ray by Bell and Elliott! has thrown some doubt on the older 
values of the deuteron binding energy and the neutron hydro- 
gen mass difference derived from it.? A re-examination of later 
and more accurate measurements of transmutation cycles (in- 
cluding the new Westinghouse C'(p, ”) threshold)* allows an 
independent calculation of the neutron hydrogen mass differ- 
ence. A weighted average of several such cycles gives n—H 
= 783+ 5 kev or B.E.(D)=2216+10 kev. This is larger than 
previous values but not inconsistent with them. It is, however, 
still appreciably lower than the values given by Bell and 
Elliott of n—H=803+5 kev and B.E.(D)=2235+5 kev. A 
comparison of the two [(pm), 8] cycles involving C and B" 
gives an estimate of the neutrino mass to be —2.5+10 kev. 

: Suapeetet by ON 
. E. Bell and L. & Elliott, Phys. Rev. 74, ee L (1948). 


2 W. E. Stephens, Rev. Mod. Phys. 19, 1 (1947 
3Shoupp, Jennings, and Sun, Phys. Rev. 75, 1 1949). 


T2. Neutron-Proton Mass Difference from the D—D Re- 
actions. A. V. ToLLestrupP, F. A, JENKINS, W. A. FOWLER, 
anp C. C. Lauritsen, California Institute of Technology.— 
Bombardment of a target of D2O ice by deuterons leads to the 
reactions (1) D(d, p)H* and (2) D(d, )He®. The energies of 
both H* and He? have been measured by a double focusing 
magnetic spectrograph, using bombarding deuterons of various 
energies between 250 and 625 kev. The particles emerged from 
the target at a mean angle of 137.8° with the incident beam and 
were detected with a scintillation counter. By properly ad- 
justing the inflow of D.O vapor, a thin target of ice could be 
maintained on the liquid-air-cooled copper target, and under 
these conditions the high energy cut-offs had a slope agreeing 
with the known window of the magnetic spectrograph. The 
results are 0; = 4.039+0.020 Mev, Q2=3.256+0.016 Mev, and 
Q:—Q2=0.783+0.004. The result for Q2 is in reasonable 
agreement with the recent determination of Argo. It will be 
noted that the difference in the two Q’s can be measured with 
considerably smaller absolute error than either of the indi- 
vidual values. The difference is a measure of the n1—H! mass 
difference. Using H*—He?=0.0169+0.0003 we find n!—H! 
=0.800+0.004 neglecting the mass of the neutrino. The result 
is in agreement with the value 0.804+.0.009 obtained from the 
recent determination of the binding energy of the deuteron and 
indicates a small upper limit for the neutrino rest mass. This 
work was assisted by the joint program of the ONR and 
the AEC. 


T3. Integral Ratios Between Nuclear Masses and Binding 
Energies. ENos E. WITMER, University of Pennsylvania.— 
Here E ( ) means the binding energy of the isotope in 
parentheses and N (_) the mass of the nucleus of the isotope 
in parentheses. The following numerical ratios exist, in most 
cases to a high degree of precision: 


N (H!):E (N¥) =9:1 

E (He): E (H?) =7:2 

N (en): E (O18) a : 

N (O16): E (C12) =8 

N (O18): {EZ (O18) “E ie =2929:6 

N ens - (He) =22 

N (S®):N (H!) =130 

E (Se): :E (O18): E (Nt): zg (C18): E (He®) =107:50:41:38:3 
E (01): E (Ci): E (Li?): EZ (Het) =140: 101:43:31 
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Also others. These results lead naturally to the concept of the 
prout as a natural unit of mass for stable nuclei in the ground 
state, which the writer introduced before. 


T4. On Fission-Asymmetry. G. C. Wick, University of 
California, Berkeley.—The asymmetry of slow-neutron fission 
will be discussed on the assumption that the asymmetric 
type of splitting requires a lower activation energy. An at- 
tempt has been made to correlate this assumption with the 
bends of the packing fraction curve and with the irregular 
changes of the nuclear radius connected with closed shells. 
In this way some light may‘ be thrown on an empirical rule 
noticed by M. Mayer* as well as on the different behavior of 
fast fission. 


* M. G. Mayer, Phys. Rev. 74, 235 (1948). 


T5. On the Tripartition of U** Nuclei by Thermal Neutrons. 
Louis ROSEN AND ALvIN M. Hupson.—By making use of a 
triple ionization chamber and a triple coincidence circuit in 
conjunction with either a gated ten-channel amplitude dis- 
criminator or a double coincidence circuit, it has been found 
possible to determine the frequency of triple fissions in U2*5 
relative to the frequency of binary fissions. Neutrons from 
either the Los Alamos cyclotron or the Los Alamos slow 
neutron reactor were used to bombard a very thin foil of U5 
mounted in the triple ionization chamber in such a way that 
all three chambers could see the active material. The geometry 
was such that each time Chamber I or Chamber III received 
a fission fragment, the mate of that fragment was obliged to 
enter Chamber II. Pulses from all three chambers were 
amplified and fed to the triple coincidence circuit. Whenever 
three pulses were received within its resolving time the ampli- 
tude of the pulse from Chamber II was utilized to determine 
whether the triple coincidence recorded was due to a triple 
fission or to two binary fissions. The results of the experiment 
are that triple fissions occur to the extent of 4.32.3 per 10° 
binary fissions in the case where the three fragments come off 
with comparable masses. 


T6. Ternary Fission in Uranium. J. T. DEwAN anp K. W. 
ALLEN, Chalk River Laboratories.—A’ coincidence counting 
method, similar in principle to that used in the study of long 
range a-particles produced in fission,’ has been used to in- 
vestigate short range particles (R<1 cm) emitted in fission. 
Particles with a maximum range of 8 mm of air are produced 
in approximately 1 percent of all fissions of uranium by slow 
neutrons. Their maximum initial specific ionization is about 
four times greater than the maximum possible specific ioniza- 
tion of a-particles. By placing thin absorbers directly over 
the source (<0.1 mg cm uranium oxide enriched in U*), 
we have shown that these particles are not recoiling nuclei 
produced by fission fragments in their passage through the 
source and counter gas. A semi-empirical determination of the 
mass of particles with the observed specific ionization of 
1.02 Mev mm! for a residual range of 6.5mm is M=13+4. 
The abundance of this mode of fission and the ranges of the 
light particles are in good accord with the results of other 
observers.* No evidence has been found for the division of 
uranium into three particles of comparable mass. 

1 Allen and Dewan, Bull. Am. Phys. Soc. 23, No. nay 16 (1948). 


2 Green and Livesey, Phil. Trans. A241, 323 (194 
3 Cassels, Dainty, Feather and Green, Proc. Roy. Soc. A191, 428 (1947). 


T7. Electron Excitation of In'®*. B. WaLpman, W. C. 
MILLER, AND D. GIDEON, University of Notre Dame.-—The 
direct electron excitation of In™5* has been studied from 0.8 
to 2.0 Mev. The excitation curve obtained rises monotonically 
and is similar to the thick target x-ray excitation curve.! 
Experimental evidence will be given showing that x-rays 




















LEAL EIS ETT 









EES LENTIL 














































182 AMERICAN PHYSICAL SOCIETY 


produced by the electrons in the indium contribute very 
little to the excitation. The cross section for electron excita- 
tion at 1.2 Mev is of the order of 10-* cm?. This is a factor 
of 4 greater than the cross section for excitation by x-rays 
produced by electrons of the same energy incident on a thick 
gold target. This research has been supported by the Research 
Corporation and the joint program of the AEC and ONR. 


1W. C. Miller and B. Waldman, Phys. Rev. 75, 425 (1949). 


T8. Capture Gamma-Ray Studies. H. E. KUBITSCHEK AND 
S. M...Dancorr, University of Illinois, Argonne National 
Laboratory.—A beam of neutrons from the Argonne heavy 
water pile was used to study the gamma-rays emitted on 
neutron capture by various elements. The capture gamma- 
rays produced Compton electrons which were absorbed in 
aluminum between coincidence counters. From these data the 
maximum gamma-ray energies can be found. These agree 
qualitatively with the semi empirical formulas of Feenberg 
and Bohr-Wheeler for neutron binding energies, but con- 
siderable fluctuations are observed in individual cases. Some 
features of the spectral distribution of gamma-energies in a 
single element could also be distinguished. The position of the 
intensity maximum appears to agree with the statistical theory 
of nuclear energy levels.. However, many more high energy 
quanta are observed than are predicted by this theory. 
Finally we have measured the relative yield of capture gamma- 
rays for various elements, a quantity essentially proportional 
to the total number of gamma rays emitted per neutron 
captured. These yields varied, for 26 target elements studied, 
by only +30 percent about a mean. 


1H. A. Bethe, Rev. Mod. Phys. 9, 232 (1937). 


T9. The Capture y-Ray Spectrum of Cadmium. BERNARD 
HAMERMESH, Argonne National Laboratory.—Photographic 
plates soaked in D,O may be used for y-ray studies.’ By 
measuring the range of the photo-protons resulting from the 
photo-disintegration of the deuteron, the y-ray energies may 
be determined. The method is limited to y-ray energies above 
3.2 Mev. A beam of thermal neutrons was incident upon a 
sheet of cadmium placed near an Ilford C2 plate soaked in 
D.O. No neutrons were allowed to strike the plate. A control 
plate prepared in a similar fashion was used to determine 
tracks arising from radiation other than capture 7-rays. 
56 mm? of each of the plates were searched and 301 tracks 
were found on the y-ray exposed plate and 40 were found on 
the background plate. The data were corrected for dip of 
tracks into emulsion, probability of leaving emulsion, varia- 
tion of (y, m) cross section of the deuteron with energy, and 
difference of range of protons in wet and dry emulsions. The 
spectrum shows a continuous spread of energies decreasing in 
intensity from 3.2 Mev to a cut-off at about 7 Mev. 


1G. Goldhaber, Phys. Rev. 74, 1725 (1948). 


T10. Angular Distribution and Relative Yields of Gamma-n 
Processes with Bremsstrahlung.* G. A. Price AND D. W. 
Kerst, University of Illinois——Shielding the betatron with 
two feet of concrete has reduced the neutron background 
sufficiently to allow quantitative measurements of relative 
neutron yields and of angular distributions from yy —n processes. 
Neutrons were detected by a rhodium foil in paraffin shielded 
from background by paraffin and cadmium except on the side 
toward a sample which hung in the x-ray beam. The betatron 
was run at 19.7 Mev. Most of the samples were cylinders ~10 
cm long, and ~2 cm diameter. The distribution of neutrons 
from lead was spherically symmetrical with a probable error 
of +3 percent in the region from 30° to 150° from the x-ray 
beam. The same was true for iron within +9 percent. The 
neutron intensity from deuterium was most intense at 90° 
and a less pronounced asymmetry was noticed with beryllium. 


With the apparatus it was possible to obtain the relative yields 
of sixteen elements very quickly. Within 50 percent the yield 
observed is 50.Z* neutrons per mole per R from bismuth to 
aluminum. Beryllium and deuterium yields were about 4. Xx 105 
neutrons per mole per R. 


* Assisted by the joint program of the ONR and AEC. 


T1l. X-Ray Yield Curves for (y, 2n) and (y, p) Reactions, 
G. C. BaLpwin, General Electric Company.—X-ray yield 
curves have been taken and analyzed by the method previously 
reported! for the reactions F!*(y, 2n)F!’, Mg?®(7, p)Na®® and 
Be®(y, p)Li®. The latter reaction, yielding a 0.88-second half- 
life, required a special technique which is now being applied 
to measurement of other reactions in the light elements. The 
resulting curves of relative cross section vs. quantum energy 
pass through maxima at 30, 28, and 32 Mev, respectively, and 
are more asymmetrical than corresponding curves for (vy, f) 
and (v7, ”) reactions. 


1G. C. Baldwin and G. S. Klaiber, Phys. Rev. 71, 3 (1947); Phys. Rev. 73, 
1156 (1948). 


T12. Observation of 20-Mev Gamma-Rays from the 
T?(p, y)He* Reaction. H. V. Arco, H. T. Gittincs, A. Hem- 
MENDINGER, G. A. JARVIS, H. MAYER, AND R. F. TASCHEK, 
Los Alamos.—A comparison of the absorption in aluminum 
of beta-rays produced by thick-target gamma-rays from the 
T(p, y)He* and Li’?(p, 7)Be® reactions has been made using 
triple coincidence counters. A thick target of T* absorbed ina 
disk of zirconium! and an incident proton energy of 1.01 Mev 
was used. An estimate of total cross section for this reaction 
will be given. ‘ 


1 Graves, Rodriguez, Goldblatt, and Meyer, personal communication, to 
be published in Rev. Sci. Inst. 


Beta- and Gamma-Emitters, I 


U1. Radioactive Sources of High Specific Activity Produced 
with a Betatron.* R. A. BECKER AND F. S. Kirn, University 
of Illinois—A probe technique has been employed with a 
20-Mev betatron whereby small samples of (vy, ”) activities 
have been produced having average specific activities of 
6 mc/g. The method permits advantage to be taken of the 
small cross-sectional area of the electron beam. Since the 
cross section for photo-disintegration is about 400 times 
greater than that for electro-disintegration the strong activities 
are achieved by inserting a lead target between the electron 
beam and the sample, so as to provide a concentrated beam 
of x-rays. Cu%(y, »)Cu® activities so far have been, produced 
in strips of Cu foil 2 mm wide, 1.5 cm long, and 45 mg/cm? 
thick with strengths in excess of 80 microcuries. Several 
activated strips were used successively to measure the positron 
spectrum of Cu® in a 180 degree magnetic spectrometer. The 
field of the spectrometer was continuously monitored by a 
null method of comparison with the field in the gap of a 
permanent magnet, the calibration being obtained with the 
gamma-rays from Co®. Employing the recent measurements 
of this radiation by Jenson et al. preliminary measurements of 
the Fermi endpoint of Cu® indicate an upper limit of 2.80 
+0.05 Mev. 


* Assisted by the joint program of ONR and AEC. 


U2. Low Emission Probability Gamma-Rays.* R. G. FLv- 
HARTY AND Martin Deutscu, Massachusetts Institute of Tech- 
nology.—Use has been made of the photo thresholds of Be 
and deuterium, to eliminate high backgrounds due to abundant 
low energy gamma-rays and allow the detection of rare 
y-rays from Co®, Sc*®, Cs!4, V48, and K® sources. As previously 
reported the neutrons are detected in a large solution of 
calcium permanganate, where the neutrons produce Mn™ 
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activity which appears as insoluble Mn**O; due to the Szilard 
Chalmers process. . 

Gamma-rays associated with Co® are found which have 
energy greater than 1.63 Mev, but less than 2.18 Mev and are 
hence not cross-over gamma-rays associated with the main 
transition. They were found present to about 1 X 10? percent 
of the Co® disintegrations. The cross-over y-ray of 2.5 Mev 
if present is limited to less than 2.5 10~® percent of the dis- 
integrations. Gamma-rays with energy greater than 1.63 Mev 
and less than 2.18 Mev were found in a Sc“ source in 1.2 x 1075 
percent of the disintegrations, they appear to be associated 
with the Sc** activity. Gamma-rays with energy between 1.63 
Mev and 2.18 Mev were found in a Cs source in an 
abundance of 7X10-® percent of the Cs™ disintegrations. 
A source of V** emits gamma-rays of energy between 1.63 and 
2.18 Mev in 1 percent of the disintegrations. This activity 
decays with the characteristic 16 day half-life of V**. 


* This work was assisted by the joint program of the ONR and AEC. 


U3. Instrumental Errors in the Shape of Beta-Spectra. 
C. SHARP CooK AND GEORGE E. OWEN, Washington University. 
—The positron spectrum of Cu® is being studied in a 5.7-cm 
radius of curvature semi-circular magnetic spectrometer using 
a variety of vacuum chamber sizes and baffle designs. Such 
changes in the spectrometer are experimentally shown to 
affect the shape of the spectrum. However, the arrangement 
giving a spectrum with least deviation from the Fermi theory 
still results in a spectrum in substantial agreement with that 
previously published.! This work has been assisted by the 
joint program of the ONR and the AEC. 


1C. S. Cook and L. M. Langer, Phys. Rev. 74, 227 (1948). 


U4. End Point of the Tritium Beta-Ray Spectrum. E. R. 
GRAVES AND D. I. MEYER.—A new method has been used to 
measure the end point of the tritium beta-ray spectrum. The 
bremsstrahlung produced by tritium beta-rays stopped by the 
atoms of a heavy element, namely zirconium or tantalum, was 
counted with a thin end window Geiger counter. Aluminum 
absorbers were inserted between the source and the counter 
to measure a counting rate versus absorber thickness curve. 
The analysis of the data is accomplished by trial and error 
fitting of the absorption curve. Assuming zero mass for the 
neutrino and a trial end point, a Fermi beta-spectrum is calcu- 
lated. Using this, an x-ray spectrum is calculated, utilizing 
I,d,= CZ(vo—v)d to give the continuous x-ray spectrum pro- 
duced by a beta ray of energy hve. The complete x-ray spec- 
trum produced by the beta spectrum is derived by summation 
of the contributions of each interval of the beta-spectrum. The 
attenuation of this x-ray spectrum by aluminum is calculated. 
Small corrections for the variation of counter sensitivity with 
energy are applied. The end point of the beta-ray spectrum is 
deduced to be 18.0 kev. The error is estimated at —0.5 kev. 


US. The Beta-Spectrum of Be’. P. R. BELL AND J. M. 
Cassipy, Oak Ridge National Laboratory.—The beta-spectrum 
of Be!® has been measured using a scintillation counter. The 
scintillation ‘‘spectrometer’’ was calibrated with Cs’. The 
0.550-Mev beta-ray and 0.626-Mev conversion line were both 
used. The full width of the conversion line at half maximum 
was 150 kev for the conditions under which the Be!® was 
measured. The Be!® samples (which were separated from a 
cyclotron target in 1944 by Levinger and Meiners) were 
moderately thick, 7 mg/cm? and 2 mg/cm?. A Kurie plot of 
the data is straight above 0.38 Mev and gives an endpoint 
energy of 0.566+0.010 Mev. Below 0.38 Mev the curve falls 
below the straight line especially for the thinner source. It is 
not certain whether this curvature is real. Comparison will 
be made between the Be!® results and those for other sub- 
stances. 
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U6. Nitrogen 12. Luis W. ALvarEz, University of Cali- 
fornia, Berkeley—The bombardment of carbon with high 
energy protons from a linear accelerator yields a radioactive 
isotope with 12.5+1 millisecond half life, and 16.6+-0.2 Mev 
upper limit positrons. The proton threshold energy is 20.0+0.1 
Mev. On energetic grounds, all isotopes but N® may be 
eliminated as the active substance. On the assumption that 
it is N¥, there is an accurate agreement between the threshold 
and the upper limit, assuming a p,” reaction. The mass of N” 
is 12.0228+0.00015, and the beta-transition is allowed. N" is 
within about 200 kev of being proton unstable. This work was 
done under the auspices of AEC. 


U7. Recoils from the Beta-Decay of Y90. C. W. SHERWIN, 
University of Illinois—A number of very thin sources of Y90 
have been studied using a beta-spectrometer to select electron 
momentum, and using the time of flight method to measure 
the recoil velocity. A large fraction of all the recoil atoms 
escape charged which would be impossible if the average 
source thickness is much in excess of one atomic layer. Meas- 
urements using applied accelerating potentials show that the 
recoil ions have the e/m of singly charged particles of mass 
90+8. Any inferences about the neutrino direction are made 
impossible by the large energy losses of the Zr+ recoils which 
appear to have a minimum value of 15-4 ev. Using the latest 
value of 2.24 Mev for the upper limit of the Y90 beta-spec- 
trum, one should observe recoils up to 43.6 ev. Actually there 
are no observable recoils which have a velocity greater than 
that corresponding to 28+4 ev, but at this value recoils 
suddenly appear in great numbers (20 times background). 
There seems to be no really satisfactory explanation of the 
15 ev energy loss, although several independent lines of evi- 
dence suggest that it is due to the binding energy of the Zr* 
ion to the substrate. 


U8. New Radioactive Isotopes of Yttrium and Zirconium. 
W. E. Scott, B. E. RoBERTSON, AND M. L. Poot, Ohio State 
University—A 3.7+0.1-hour period in yttrium has been ob- 
tained by bombardment of Sr*O* with 10-Mev deuterons and 
natural SrO with 5-Mev protons. The Sr*“O was enriched to 
27.7 percent in Sr*, Characteristic radiations are 2.0+0.1 Mev 
positrons, strontium x-rays and gamma-rays. Initial intensities 
indicate that both reactions have large cross sections. This 
activity must be assigned to Y* or Y®°, A 2.0+0.1-hour period 
in zirconium has been obtained by bombarding Sr*O with 
20-Mev alpha-particles. Characteristic radiations are 2.0+0.1- 
Mev positrons, x-rays and 0.8+0.1-Mev gamma-rays. This 
activity has been assigned to Zr®’, Positron activities associ- 
ated with the 14-hour and 3.3-day periods of Y*®’ have been 
found with energies 1.1+0.1 Mev and 0.7+0.1 Mev respec- 
tively. Bombardment of Hilger RbCl with alpha-particles has 
produced a 105-day yttrium activity decaying by emission 
of a 1.8+0.1-Mev gamma-ray. Relative cross sections for 
Rb*5(a, 2m): Rb®*(a, 2): Rb®7(a, m) are 1:72:14 respectively. 


* Supplied by Y-12 Plant, Carbide and Carbon Chemicals Corporation, 
through the Isotopes Division, U. S. A.E.C., Oak Ridge, Tennessee. 


U9. Columbium 90, 96 and Molybdenum 91, 93. D. N. 
Kunpbu AND M. L. Poot, Ohto State University.—A 17-minute 
Mo activity, readily produced by deuteron bombardment of 
Mo, is assigned to Mo" by the use of enriched* Mo isotopes. 
This activity is produced by fast neutron bombardment from 
Mo but not from Mo™. A 15.0-hour Cb activity is produced 
from Zr®°(d, 2n) and Mo*%(d, a) but not from Zr™ with deu- 
terons. It emits 1.19 Mev positrons, 2.03 Mev gamma-rays 
and a small amount of x-rays and is assigned to Cb®*. Further 
work on the 6.7-hour Mo* has shown that the two groups of 
charged particles of energies 0.3 and 0.7 Mev are not positrons 
but internal conversion electrons from gamma-rays as seen by 
a beta-ray spectrograph. The first gamma-ray is completely 
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converted but a small amount of the unconverted second 
gamma-ray has been detected in the lead absorption. Compton 
electrons checked the value of the hard 1.6. Mev gamma-ray. 
A long-lived isomer of Mo® is indicated. The half-life and 
decay characteristics of Cb®* given by others are found to be 
unconfirmed. Instead, a half-life of 23.3-hour from Zr®*(p, 2) 
is assigned to Cb®* by bombardments on enriched Zr isotopes. 
This activity decays by emitting 0.67 Mev negative beta- 
particles and 1.03 Mev gamma-rays. 


* Supplied by Y-12 Plant, Carbide and Carbon Chemicals Corporation, 
through the Isotope Division, U. S. AEC, Oak Ridge, Tennessee. 


U10. Silver and Cadmium Activities. JANE R. Gum, LOWELL 
E. THompson,* AND M. L. PooL, Ohio State University.— 
Pd+a and Cd+x (fast) yield in the Cd fraction a 57-minute 
activity assigned to Cd!, 1.5-Mev positrons are emitted. 
Cd! from Ag+d, followed for over 5 years, has a half-life 
of 470 days. Pd+a also yields this activity. Cd+d and 
Cd+n (fast) give in the Cd fraction a 5-year activity measured 
over 3.7 years. 0.45-Mev negative particles are emitted, but 
no gamma-rays. The relative Pd+ea reaction cross sections 
for Cd!, Cd!°7, Cd! are 1, 4.5, 970 respectively. Over nine 
half-lives of Ag!®* from Rh+a a value of 8.3 days is obtained. 
Pd+d and Rh+a yield 40-day Ag!®5 as measured by the 
X-ray activity over seven half-lives. Measurements made over 
5.4 years show that Ag"! from Pd+d has a half-life of 270 
days. 

* Now at Army Chemical Center, Maryland. 


U1l. Nuclear Lifetime for a Quadrupole Transition in 
Cd111.* MarTIN DEUTSCH AND DONALD T. STEVENSON, 
Massachusetts Institute. of Technology.—An excited state of 
Cd with half-life (81) 10-8 sec. has been found in the 
decay of In". Delayed electron-electron and gamma-gamma- 
coincidences were observed using scintillation counters and a 
five channel delay analyzer. This state seems to be the 0.247 
Mev level previously reported.! From Segré’s formula one 
calculates a half-life of 5107! sec. for electric quadrupole 
and 2X10‘ sec. for electric octupole gamma-rays of this 
energy. Probably the transition is electric quadrupole with a 
matrix element | 1/|*<~10-*. Rose et al.? calculate a conversion 
coefficient ax—~0.05 for such a transition compared with a 
measured value’ of 0.1. Alternatively one might assume that 
the transition probability for magnetic quadrupole radiation 
is 2000 times greater than that calculated for electric octupole. 
This seems unlikely. The conversion coefficient for this case* 
should be 0.16. 


* Supported in part by the joint program of the AEC and ONR. 
1 See Seaborg and Perlman, Rev. Mod. Phys. 20, 585 (1948). 

2 Report privately circulated. 

3 Helmholz e al., Bull. Am. Phys. Soc. 24, No. 2, 18 (1949). 


Theoretical Physics, I 


V1. Relativity Corrections for Energy Levels. V. RoJANSKY 
AND FRANK STERN, Union College——When the perturbing 
potential —(E—U)?/2 mc? is used in computing relativistic 
energy corrections, the standard procedure is to take for 
(E—U/) the operator K?, where K=E—YV, and V is the 
operator associated with the potential energy U. No com- 
pelling reason exists, however, for not interpreting E—U as 
the kinetic energy operator T, namely, — (h?/2m)A?. If we 
take }(K+T7)? for (E— U)*? and let Ky=Ty, we find that fora 
Coulomb field [}(K+T7)*—K?]y equals [(h®?/2m)V'd/dr]y. 
This term appears in the small energy form of the Dirac 
equation and accounts for the shifts of the s levels without 
affecting other levels. Therefore, the choice of }(K+T7)* for 
(E— U)* permits us to obtain the standard relativity-and-spin 
corrections for hydrogenic atoms without recourse to the Dirac 
equation and without the artifice of ascribing non-zero values 
to the superficially indeterminate Pauli spin corrections for s 


states. A more careful reinterpretation of (E—U)* with the 
help of Poisson brackets, followed by a perturbation calcula- 
tion, leads to the same shifts for Coulomb fields as does the 
use of 3}(K+T)*. 


V2. The K-Shell Internal Conversion Coefficients.* M. E. 
Rose, G. H. GoerTZEL, B. I. SpPINRAD, Oak Ridge National 
Laboratory; AND J. HARR AND P. StronG, Harvard University, 
—The internal conversion. coefficients for the K-shell have 
been computed using Dirac hydrogen-like wave functions, 
The range of calculation is for Z =40 to 96, gamma-ray energy 
k from 0.3 to 5.0 mc? and for multipole orders through 25 
electric and magnetic. In this range 500 values were obtained, 
accurate to four significant figures, and an additional 2560 
values, accurate to within 2 percent, were obtained by inter- 
polation. Further values in the range can be obtained by 
linear interpolation of log coefficient against Z and/or logk. 
These values of the conversion coefficients show that the 
approximate formulas have very limited validity at Z=40, 
and it is planned to extend the computations to smaller Z. 
Slides showing the behavior of the conversion coefficient as a 
function of energy and of Z will be shown. Plans are under 
way to extend these computations (with screening included) 
to the L-shell. 


* Based on work performed for AEC. 


V3. Note on Wave Functions in a Magnetic Field. M. H. 
JOHNSON AND B. A. LippMANN, Naval Research Laboratory.— 
Wave functions describing the non-relativistic motion of a 
charged particle in a homogeneous magnetic field, H;, can be 
obtained by factorization (in close analogy to the treatment of 
the harmonic oscillator), if the kinetic momenta, = p— (e/c)A, 
are used as variables. The solutions are ~a=(4z—iz,)"Wo 
where yo is determined by (xz+i2,)Yo=0. Solutions, which 
are also eigenfunctions for the angular momentum parallel 
to H,, can only be found for the special vector potential 
(—y, x, 0)H,/2. A change of this potential by a gauge trans- 
formation destroys the constancy of angular momentum. 
Solutions of the Dirac equation can be written in the form 
y'=(ca-x+8mc?+E;)x*. The spinor x‘ satisfies a second- 
order equation which splits into separate equations for each 
spinor component if x* is an eigenspinor for os. Application of 
the same factorization method then leads to solutions of the 
Dirac equation valid for any gauge. 


V4. Bremsstrahlung in Heavy Elements. H. WERGELAND, 
Purdue University.—Following a suggestion of H. Bethe, the 
matrix elements are calculated with electron waves distorted 
by a variable phase. The correction is the first term of an 
asymptotic expansion in powers of the electron wave-length. 
The differential cross section for the process: electron of wave 
vector k-k’+light quantum q, is found to be 
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Here: 1/8=screening radius, a=Ze*/hv, 8= X(k, k’), M=k 
—k’—q=(X, Y, Z)=(R, Z). 


V5. ThC-C” Alpha-Transition According to the Water 
Drop Model of Alpha-Decay.* J. E. GARVEY AND B. T. 
DaRLING, Ohio State University.—Following the recent work 
on the Radium-Radon alpha-transition, calculations according 
to the proposed model have been made for the ThC-C” 
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transition. On this model, the most natural choice of vibra- 
tional (6) mode and alpha-particle angular momentum (L) 
would seem to be: 8=0, L=0 for ao; B=1, L=1 for a1; B=2, 
L=2 for a2, as, a4, where the a; refer to the alpha-groups of 
ThC-C”. Using the experimental values of the ground state 
(ao) partial decay constant and the disintegration energy, we 
determined two adjustable constants, the nuclear radius (R) 
and the well depth (D). With these values for R, K, the 
assigned values for (8) and (ZL) and the experimental dis- 
integration energies, the intensities were calculated. They 
were found to be in good agreement with the observed 
intensities. Of especial interest is the calculated a;/ao in- 
tensity ratio which we find >1, as required by experiment. 
The usual alpha-decay theory achieves this ratio only by 
allowing the angular momentum associated with ao to be 
several units greater than that associated with a. 

In view of these results the angular momentum assignments 
throughout the ThB-ThD system are being reinvestigated. 


* B. T. Darling and J. E. Garvey, Bull. Am. Phys. Soc. 24, 24 (1949). 


V6. Closed Shells in Nuclei. Maria G. Mayer.—The 
spins of all nuclei of even proton and neutron number are 
zero, and the magnetic moments of nuclei of odd mass number 
are consistent with the assumption that they, as well as the 
nuclear spin, are exclusively due to the odd nucleon.! This 
gives an experimental determination of orbital and total 
angular momentum for the last odd constituent of the nucleus.? 
The assumption is made that there exists a strong spin-orbit 
coupling favoring high total angular momenta. The observed 
orbits and spins are then seen to be in agreement with those 
of the square well potential. The larger shells of particular 
stability, namely, of 50, 82, 126 protons or neutrons, are seen 
to be due to the splitting of the g, h, and i levels, respectively. 
The high frequency of occurrence of nuclear isomerism in odd 
mass number nuclei towards the end of a shell is predicted by 
this model. Agreement with 8-decay half-lives is obtained. 

1Th. Schmidt, Zeits. f. Physik 106, 358 (1937); H. H. Goldsmith and D. 


R. Inglis, Brookhaven publication. 
2E, Feenberg, in press; L. Nordheim, in press. 


V7. The Phenomenological Theory of Nuclear Forces. 
HERMAN FESHBACH, Massachusetts Institute of Technology.— 
The recent analysis of neutron-proton scattering, and the 
theory of the triton have shown that it is impossible to 
maintain the charge-independence of nuclear forces if the 
rectangular well potential is employed for the two body nuclear 
interaction in the manner described by Rarita and Schwinger. 
It is possible, however, to obtain (1) charge-independence, 
(2) the experimental scattering of neutrons by ortho- and para- 
hydrogen, (3) neutron-proton scattering at moderate energies, 
(4) the binding energy of H*, (5) neutron-proton scattering at 
90 Mev! in addition to the deuteron data, and thermal n—p 
scattering through the use of a suitable potential. The potential 
employed is V(r)=1/3(r1-72)(o1-o2) Vof{ [(1—g/2)+g¢/201-02] 
X (exp—r/Br)+7S12(exp—rr/rr)}. The value of 8 is taken 
from (p—p) scattering. The value of (1—2g)Vo, adjusted to 
yield the correct thermal n—> cross section, is approximately 
equal to the p—> value. The relations between 7, r, and Vo 
are obtained from the binding energy and quadrupole moment 
of H?. The experimental constant most sensitive to a choice in r 
is the binding energy of Hi. 


1 Eisenstein and Rohrlich. 


V8. Relativistic Generalization of Phenomenological n—p 
Interactions. ARMAND SIEGEL, Massachusetts Institule of 
Technology.—A general method of extending currently postu- 
lated phenomenological n—p interactions to the relativistic 
domain has been constructed, after Breit.! This method should 
indicate the relativistic corrections obtainable within a Dirac 
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matrix formalism, for any given non-relativistic interaction. 
Such corrections may be important for the 90-Mev experi- 
ments.? One works from a momentum representation of the 
non-relativistic interaction. This is a Pauli and isotopic spin 
operator involving the momenta. The momenta are replaced 
by four-vectors, and the Pauli operators by Dirac operators, 
in such fashion that one obtains an invariant cross section, 
reducing to the non-relativistic one. The Dirac operator-Pauli 
operator correspondence is non-unique, permitting adjustment 
to experiment. The relativistic corrections to the cross section 
generated by the Rarita-Schwinger interaction with sym- 
metrical exchange*® have been computed to order v?/c? in the 
Born Approximation. The correlation of angular dependence 
with contribution to total cross section in these does not favor 
adjustment to experiment. Computations with an adjusted 
meson-well interaction are in progress. 

1G. Breit, Phys. Rev. 53, 153 (1938). 

2 Hadley, Kelly, Leith, Segré, Wiegand, and York, Phys. Rev. 75, 351 


(1949), 
3W. Rarita and J. Schwinger, Phys. Rev. 59, 556 (1941). 


V9. Distributions from Resonance Reactions and Angular 
Correlation Experiments. L. E1sEnBup, Bartol Research 
Foundation.—Consider a reaction at resonance described by 
1+L—~J—K-+k. (Our symbols designate both the systems in 
question and their total angular momentum quantum num- 
bers.) The initial state of the system, /+L, is an unpolarized 
plane wave; the polarization of the emitted & particles is not 
observed. There is a strong formal resemblance between the 
physical situation described above and that involved in angular 
correlation experiments. In the latter, the directional corre- 
lation between particles / and k (polarizations not measured) 
from the reactions described by L~/+J and J-—k+K is 
measured. The initial state L is unpolarized. The angular 
distribution of the k particles relative to the / particles has 
the same formal properties in both the correlation and reaction 
experiments if, in the latter, non-resonance terms are con- 
sistently eliminated. As is known,! the correlation distribution 
may always be represented as a polynomial in cos?@ of degree J 
or smaller. The same statement may be made for resonance 
reactions if the cross sections at resonance are large by 
comparison with the background. 


C. N. Yang, Phys. Rev. 74, 764 (1948). 


V10. Applications of the Dispersion Formula for Nuclear 
Reactions. T. TEICHMANN AND E. P. WIGNER, Princeton 
University—The dispersion formulas for nuclear reactions 
have been applied to some problems of level widths (T,) and 
cross sections. The proportionality! of the level spacing (D) 
to reduced level width (yys?=T'ys/2Kys, where Kys is the wave 
number of the outgoing particle) has been derived from a 
general sum rule: This derivation shows that y,.? must be 
averaged over many levels and also explains the decrease of 
the ratio y,.2/D with increasing mass number A. A similar 
sum rule is obtained for the sum of the reduced widths from 
one state of the compound nucleus to all states of the final 
system (i.e., for 2s yas”). This rule suggests that the transition 
probabilities to highly excited states of the product nucleus 
are smaller than would follow from the statistical model 
(Schiff). The ratio of the minima to the maxima of the rapidly 
fluctuating reaction cross sections has been calculated to be 
of the order I?/D?. The same quantity for the scattering cross 
section (and in exceptional cases for the reaction cross section ) 
is of the order I/D‘. It is shown that the average cross section 
is smaller than the value obtained for widely separated levels, 
and the correction is calculated. 


1Feshbach, Peaslee and Weisskopf, Phys. Rev. 71, 143 (1947). 


V1l. On the Continuity of the First Derivative in the 
Wigner-Eisenbud Formalism. J. L. Jackson, New York 
University—In the Wigner-Eisenbud approach to nuclear 
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resonance reactions, the wave function of the nuclear system 
is expanded in the internal region in terms of a set of functions, 
Xj, which satisfy the Schrédinger equation of the system and 
the Hermitian boundary condition, gradX)=0, on the surface 
separating the internal and external regions. Due to this 
boundary condition, however, there is a question as to the 
convergence of the series expansion of the first derivative at 
the surface. The nature of the convergence of the series for 
the first derivative was investigated and a simple one-dimen- 
sional argument is presented, showing that the expansion of 
the first derivative does indeed converge non-uniformly to the 
value of the first derivative of the wave function at the 
boundary. 


Beta- and Gamma-Emitters, II 


W1. Radioactive In and Sn. E. C. MALLARY AND M. L. 
PooL, Ohio State University.—Various samples of electromag- 
netically enriched* cadmium (oxides) received cyclotron irradi- 
ation in pairs on opposite sides of a rotating target or indi- 
vidually on a fixed target. Cd!*(a, p)In™, Cd?(d, 2)In!, and 
Cd8(p, y)In!® produced a 4.30+0.15-hour activity decaying 
by 0.70+0.05-Mev positrons, K capture, and y-rays. Cd®*+-d, 
and Cd"6+- produced in In a 33:2-min. positron activity. 
Cd!+@ produced in Sn a 15-min. positron activity. Cd! 
(d,m)In™ produced a measurable amount of 2.84-day 
positrons. Cd!°-+a@ produced in the Sn fraction a 2.0-Mev 
positron activity which increased after the Sn separation and 
then decayed with an apparent 4.5-hour half-life. This observa- 
tion is assumed to be due to the recently reported 4.5-hour 
K capture in Sn followed by the 72-min, 2.2-Mev positron 
emission in In. These activities are tentatively assigned to 
Sn and In, Element assignments were assisted by chemical 
separation. 

* Supplied by the Y-12 plant, Carbide and Carbon Chemicals Corporation 


through the Isotope Division, U. S. Atomic Energy Commission, Oak 
Ridge, Tennessee. 


W2. Internal Conversion Electrons from Long-Lived Tel- 
lurium Isomers. R. D. HILL, University of Illinois.*~—Samples 
of enriched Te, Te, Te!%5, Te!26, Tel, and Te! isotopes 
were activated by neutrons in the pile at Oak Ridge and then 
subjected to beta-ray spectrographic analysis. A new isomer 
of stable Te! was revealed by its converted y-ray transitions 
of 88.5 and 159 kev. It is now clear that each odd tellurium 
isotope (121-131) exists in a long-lived isomeric state, and 
the following data are given: 


Isomer Tel21 Tels Tels 
Half-life ~140 day ~100 day 58 day 
y-Energy (kev) 82,213! 88-5,1591 109-7,35.52 


Isomer Tel? Tel29 Tels! 
Half-life 90 day 30 day 1.2 day 
y-Energy (kev) 88 -5(86)8 106(102)* (177)8 


The most strongly produced isomer is Te!*5, and an estimate of 
the slow neutron isotopic capture cross section of Te! for 
the production of this isomer is ~5 barns. There are also 
conversion lines of 32.5 and 35 kev which have not yet been 
assigned to either Te!*! or Te!”8, 

* Assisted by the joint ONR and AEC programs. 

1R. D. Hill and J. W. Mihelich, Phys. Rev. 74, 1874 (1948). 


? Hill, Scharff-Goldhaber, and Friedlander, Phys. Rev. 75, 324 (1949). 
3A. C. Helmholtz, Phys. Rev. 60, 415 (1941). 


W3. Radiations from the 11-Day Neodymium and the 47- 
Hour Element 61.¢ C. E. MANDEVILLE AND M. V. ScHERB.tt 
Bartol Research Foundation.—Pure Nd2Os, prepared at The 
Institute for Atomic Research, Iowa State College, was irradi- 
ated by slow neutrons for four hours in the Oak Ridge pile. 
No chemical separations were performed. Some preliminary 


data will be presented for comment. The visual absorption 
limit of the 11-day beta-ray spectrum occurs at about 0.7 
Mev. The gamma-ray energy is 0.5 Mev by lead absorption, 
The end point of the 47-hour beta-spectrum is at 0.98 Mev, 
and these beta-rays are coincident with gamma-rays of energy 
~0.2 Mev. The soft gamma-rays are also present on lead 
absorption curves. Beta-beta-coincidences were observed in 
the 47-hour activity. These data are in partial agreement 
with earlier measurements.! 
t Assisted by the joint program of ONR and the AEC, 


Tt Now at Princeton University. 
1 Marinsky, Glendenin, and Coryell, J. Am. Chem. Soc. 69, 2781 (1947), 


W4. Disintegration of Cs*’7.* CHARLES L. PEACOCK, Jn- 
diana University.—The radiations of Cs8? have been studied 
with a 180-degree spectrometer and a thin window detector 
under good source and resolution conditions. A single gamma- 
ray of 0.669 Mev is 12 percent internally converted. The 
beta-spectrum consists of two groups with end points of 
0.521 Mev and 1.19 Mev, respectively, with the latter having 
a relative abundance of only 5 percent. The shape of the 
Fermi plot of the low energy group does not indicate an 
allowed transition since it is distinctly concave towards the 
energy axis. Although this shape has been predicted, it has 
not been found previously. We have tried, by using various 
shape factors,’ to fit this data. The factor a alone gives a very 
good straight line, while the other factors, alone or in com- 
binations, do not fit the data. Under G-T rules the factor a 
alone is contained in the Cir or Ci, interactions. This suggests 
that, contrary to its long half-life, the transition is first for- 
bidden with 4j= +2 and a parity change. 


* Assisted by the joint program of the ONR and the AEC. 
1E, J. Konopinski, Rev. Mod. Phys. 15, 209 (1943). 


WS5. Shapes of Forbidden Beta-Spectra.* LAWRENCE M. 
LANGER AND H. Cay Price, JR., Indiana University.—Mo- 
mentum distributions have been investigated for disintegra- 
tions in which the comparative lifetime (f value) suggests that 
the transition is empirically forbidden. Measurements were 
made with high resolution and relatively thin Oak Ridge 
sources in the 40-cm radius of curvature magnetic spectrome- 
ter. The spectra of Y* and Cs"? are found to have shapes 
decidedly different from the allowed distribution. In both cases 
the Fermi plot approaches the end point with a curvature 
towards the energy axis. Y, with f=4.7 X 108, would appear to 
be empirically twice-forbidden. However, the shape of the 
spectrum is explained exactly as that of a once-forbidden 
transition involving a spin change of 2 units, with a parity 
change. This result is confirmation of Feenberg and Hammack’s 
analysis of nuclear shell structure and of the validity of G-T 
selection rules. The spectra of P®, Re!®*, and Au! have Fermi 
plots indistinguishable from a straight line. It is of interest that 
Au? and Re!8¢ have comparative lifetimes and nuclear charges 
much like those of RaE whose forbidden spectrum has been 
well established.! End points obtained are: P®, 1.696+0.010 
Mev; Au?*8, 0.960+0.005 Mev; Re?86, 1.068+0.006 Mev; Y", 
1.537+0.007 Mev; Cs¥8”, 0.51+0.01 Mev. 

* Assisted by a grant from the Frederick Gardner Cottrell Fund of the 
Research Corporation and by the joint program of the ONR and AEC. 


1G. J. Neary, Proc. Roy. Soc. A175 (1940); L. M. Langer, Phys. Rev. 75, 
7 eae R. Morrissey and C. S. Wu, Bull. Am. Phys. -Soc. 24, Di4 


W6. The Beta-Spectrum of Tm!” D. Saxon anv J. 
RicHArDs, Argonne National Laboratory.—Using an Oak Ridge 
purified sample of Tm.Os, the 8-spectrum of Tm?” has been 
measured in the 180° spectrometer. The Argonne heavy water 
pile was used to produce the active Tm?” by neutron capture. 
A preliminary value of the half life indicates a single activity of 
~120 days. The average source thickness was =0.1 mg/cm’, 
with a Nylon backing of 0.54 mg/cm?*. The counter window, 
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also Nylon, was of 5 layers totaling 0.09 mg/cm?, made by a 
process previously reported. The resolution AHp/Hp, used was 
2 percent. The Kurie plot of the relativistic Fermi function, 
without screening, is essentially linear; the slight upward trend 
below 150 kev can be explained by the screening correction 
alone. Extrapolating, the 8-end point is found to be 970+10 
kev, checking Boyd and Ketelle closely. At the low energy end 
of the spectrum are found the K, L, and M internal conversion 
lines of the single y-ray. Assuming the y-ray to follow the 8, 
converting in Yb, the y-energy is obtained as 85.5+0.5 kev. 
The coversion coefficients and their ratios are: 


E K L M_ K/L L/M 
85.5kev 3.06% 4.28% 1.68% 0.71 2.55 


From the K to L ratio the spin change of the y-ray is estimated 
as 2, assuming pure electric multiple radiation. 





W7. Nuclear Isomers Produced by Slow Neutron Capture. 
E. DER MATEOSIAN AND M. GOLDHABER, Argonne National 
Laboratory.—A systematic search for isomers produced by 
slow neutrons from the heavy water pile has yielded the 
following new examples: 


Energy of 
internal conversion Multipole 
Isomer T} electrons assignment 
esEr 2.5 sec. 180 kev 24 
2Y¥b 6 sec. 200 kev 24 
2Y¥b 50 sec. 10-20 kev: 28 or4 
uW 5.5 sec. 80 kev 24 


The electron energies were obtained by Al absorption. The 
50-sec. Yb isomer emits only L x-rays, the transition energy is 
therefore 20-30 kev. 


W8. Transition Energies of Some Nuclear Isomers. R. L. 
CALDWELL,* E. DER MATEOSIAN, AND M. GOLDHABER,** 
Argonne National Laboratory.—Accurate values of the transi- 
tion energy have been measured for a number of isomers using 
a permanent magnet beta-ray spectrograph, similar to that 
described by Hill.! A special vacuum gate permits the introduc- 
tion of short lived samples. Some results are summarized in 
Table I. The estimated error in the energies is ~1 percent. 


TABLE I. 








Shells from which 





electrons have been Transition 
Isomer T} observed energy kev 
Co# 10.7 min. K, L, M 58.9 
Cb” 6.6 min. K,L,M 41.5 
Cgl% 3 hr. K, L, M 128.0 
Dy165 1.25 min. K, Li, Liu, M, N 109.0 
Iri9 1.5 min. Ly Liu, M,N 57.4 








* University of Missouri. 
** University of Illinois. 
1R. D. Hill, Phys. Rev. 74, 78 (1948). 


W9. The Radiations of Re!* and Re!**,* Louis A. BEACH, 
CuarLEs L. PEACOCK, AND ROGER G. WILKINSON, Indiana 
University—The radiations of Re'®* and Re!® have been 
studied in a small 180° spectrometer. The beta-spectrum of 
Re!86 contains three conversion lines of 64.3, 127.8, and 137.5 
kev, respectively, corresponding to the K, L, and M lines of a 
gamma-ray of 138 kev. A Fermi plot of the beta-rays is a 
straight line and yields an end point of 1.07 Mev. The con- 
version coefficients of the 138-kev gamma-ray are ax=2.83 
percent, a = 7.03 percent and ay =1.21 percent. From the K 
to L ratio and the curves of Hebb and Nelson! the spin change 
of the y-ray is found to be 3. The photoelectron spectrum 
showed lines corresponding to gamma-ray energies of 138 kev 
and 214 kev. The beta-spectrum of Re!®* consists of two groups 
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with end points of 2.15 Mev and 0.97 Mev, respectively, with 
the latter group representing about one-third of the transitions. 
The photoelectron spectrum indicates several gamma-rays of 
low intensity that are probably connected with the soft 
beta-group. 


* Assisted by the joint program of the ONR and AEC. 
1M. H. Hebb and E. Nelson, Phys. Rev. 58, 486 (1940). 


W10. Conversion Electrons of Ra D.* L. CRANBERG** AND 
J. HALPERN, University of Pennsylvania.—Application has 
been made of the energy calibration of several photographic 
emulsions previously reported,! to a study of the conversion 
electrons of radium D in a 180° beta-ray spectrograph. Using 
a thin source of Ra D of high specific activity, the conversion 
coefficients obtained for the M and N levels relative to the L 
level are 0.28 and 0.09, respectively. The half-width of the 
lowest energy line is about 2 kev. Application of this calibra- 
tion is also being made to a study of the number of conversion 
electrons produced per disintegration. 

* Supported by the joint Program of the ONR and AEC. 


** Atomic Energy Commission Fellow. 
1L,. Cranberg and J. Halpern, Bull. Am. Phys. Soc. 24, 62 (1949). 


W11. Correlation between Direction and Polarization of 
Successive Gamma-Ray Quanta. FRANZ METZGER AND 
MartTIn DevutscuH, Massachusetts Institute of Technology.— 
With an improved polarimeter, which will be described, the 
direction-polarization correlations of Rh'* and Sc** have been 
measured. In the case of rhodium the present results confirm 
the conclusions drawn from our preliminary measurements.! 
The observation of a direction-polarization correlation in Sc** 
indicates that there is no change of parity involved in the 
transition from the second excited level to the ground state of 
Ti**, The dependence of the degree of polarization on the angle 
is consistent with the assumption that the cascade gamma-ray 
quanta of Sc** are emitted in electric quadrupole transitions 
between levels with spins 4, 2, and 0. This work was assisted by 
the joint program of the ONR and the AEC. 


1M. Deutsch and F. Metzger, Phys. Rev. 74, 1542 (1948). 


W12. Production of Very High Energy Photons by 350-Mev 
Protons. HERBERT F. YorK, BuRTON J. MOYER, AND RUSSELL 
ByoRKLUND, University of California, Berkeley.—A study is in 
progress, by means of a pair counter, of the yield of high energy 
photons from the target of the 184-inch cyclotron during 350- 
Mev proton bombardment. The energy distribution of the pho- 
tons shows a broad maximum in the neighborhood of 70 Mev 
when the target is observed at an angle of 180° (backward) with 
respect to the proton beam. Observations at an angle of zero 
degrees (forward) give a maximum above 100 Mev. The cross 
section per Be nucleus for producing photons between 30 and 
105 Mev is of the order of 10-*7 cm?. With 175-Mev protons the 
spectrum shows no maximum and the yield is about 100 times 
smaller. Theoretical considerations of bremsstrahlung predict 
only a small increase in yield in going from 175 to 350 Mev and 
do not predict a maximum. In establishing the photon nature 
of this radiation we have checked the recent attenuation meas- 
urements of Lawson. Observations will be made for various 
targets at various angles, and, on the possibility that these 
gammas are associated with neutral meson decay, search will 
be made for gamma-gamma-coincidences. The work described 
in this paper was performed under the auspices of the AEC. 


Neutrons 


X1. A Rotating-Shutter Time-of-Flight Neutron Spec- 
trometer for the Resonance Region. W. SELOVE, Argonne 
National Laboratory.—A high speed rotating shutter has been 
built, with characteristics suitable for making time-of-flight 
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neutron cross-section measurements in the resonance region, 
using a chain reactor as a neutron source. The best resolution 
available will be about 0.6 microsecond/meter (6 ev at 50, 50 
at 200, etc.). This is roughly the same as the best resolution 
that has been used by the Columbia modulated-cyclotron 
group. One principal advantage of the new spectrometer is that 
it is possible to make measurements with relatively small 
amounts of material; e.g., in measurements on approximately 
0.1-gram quantities of the separated isotopes of tungsten it is 
possible to determine the individual isotope responsible for 
each of the resonances below 50 ev. The apparatus will be 
described, and additional results will be given. 


X2. Neutron Transmission and Polarization Measurements 
with an Iron Single Crystal. MERLE BurGy, D. J. HuGHEs, 
AND W. E. Woo tr, Argonne National Laboratory.—The trans- 
mission of a single iron crystal 2.97 cm in thickness, has been 
measured as a function of neutron velocity over the range 
500 m/sec. to 4000 m/sec. The neutron source was the thermal 
column of the Argonne heavy water chain reactor. The meas- 
urements at various velocity intervals were made with the 
Argonne velocity selector, and with BeO and graphite filters. 
The transmission values yield total cross sections which are the 
sums of the capture and incoherent scattering cross sections, 
since the Bragg scattering provides a negligible attenuation of 
the intensity in those velocity intervals in which it occurs. That 
part of the incoherent scattering due to energy exchange with 
the iron lattice can be expected to give rise to a polarization of 
the transmitted beam.! This effect has been found, the associ- 
ated increase in the transmission with magnetization of the 
single crystal to 11,000 gauss having been measured as a 
function of velocity. The results found are in agreement with 
the assumption that most of the incoherent scattering in iron 
is due to inelastic lattice scattering. 


10. Halpern, Phys. Rev. 72, 260 (1947). 


X3. Neutron Yield from 15 Mev Deuterons.* A. J. ALLEN, 
J. F. Necuayj, University of Pittsburgh, K. H. Sun, ann B. 
JENNINGS, Westinghouse Research Laboratory.—Fast neutron 
fluxes from a thick beryllium target bombarded by 155 wamp. 
of deuterons were measured at various angles by a sulphur de- 
tector through the reaction S*(n, »)P*?1 and by a fast neutron 
fission counter using thorium and uranium. Since neutrons 
from most (d,m) reactions have energies higher than the 
threshold energies of the detecting reactions, and since the cross 
sections for (”, p) and (n, f ) processes seem to level off at high 
neutron energies, a constant cross section values (0.3, 0.6, 0.2 
barn for the S*(n, p), U*8(n, f) and Th*(n, f) respectively) 
were assumed. The result from both methods was found to be 
(5.1+1.0) X10® neutrons/cm?/sec./wamp. at 4.4 cm in front 
of the target. The angular measurements from 20° through 340° 
with uniform background of scattered neutrons at 4.4 cm from 
the target-point will be shown in curves. Preliminary measure- 
ments on other monoisotopic elements indicate that the yield 
decreases with increasing atomic number. 


* Partially supported by ONR. 
1E. D. Klema and A. O. Hanson, Phys. Rev. 73, 106 (1948). 


X4. Neutron Cross Sections at 115 ev and 300 ev. C. T. 
HIBDON AND C. O. MUEHLHAUSE, Argonne National Labora- 
tory.—Total neutron cross sections have been measured at 
the resonance scattering energies of Co(115 ev)! andf{Mn(300 
ev)?. These materials, in thin foil form, have been used 
in a 4m annular scattering chamber! as neutron scattering 
detectors. They have been shown to have a resolving power 
~™15 or 20 when corrected for “‘potential scattering.” Trans- 
mission curves for about thirty elements have been de- 


termined using detectors of Co, Mn, and C. This informa- _ 


tion has yielded initial and asymptotic cross sections, ¢; 
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and gp respectively, at the Co and Mn energies. Except for 
large 1/v absorbers (e.g. B and Cl) ay has been identified as the 
“potential or minimum scattering cross section,” and o;>¢, 
with an indication of resonance overlapping with the detector, 
1S. Harris, A. Langsdorf, at F. Seidl, Phys. Rev. 72, 866 (1947); Wu 
et al., Phys. Rev. 71, 174 (1947). 
es Goldhaber and A. Yalow, Phys. Rev. 69, 47A foes): 3 - Barbre and 
Goldhaber, Phys. Rev. 71, 141A (1947); F. Seidl, Harris and A, 
Langedor. Phys. Rev. 72, 168A (1947); Rainwater et al., 4. Rev. 71, 65 
1947) 


X5. Fast Neutron Cross Sections and Nuclear Shell Struc- 
ture. D. F. SHERMAN, D. J. HUGHEs, J. R. WALLACE, Argonne 
National Laboratory.—Radiative capture cross sections for 
neutrons of effective energy 1 Mev (unmoderated fission 
neutrons) have already been reported.! These early results, 
consisting of cross sections for 31 isotopes, showed a smooth 
increase of cross section with atomic weight, A, up to A = 100, 
and an approximately constant cross section for higher A’s, 
The only observed exceptions to the general behavior were 
Ba!8, Pb®® and Bi®® all of which had extremely low cross 
sections. It is now known? that these three isotopes possess 
filled neutron shells (Ba8, 82 neutrons; Pb®8 and Bi®®, 126 
neutrons), and hence would be expected to exhibit a low bind- 
ing energy for an additional neutron, with a resultant high level 
spacing and small neutron capture cross section. In order to 
test the reality of shell structure the cross sections of Xe", 
La™®, Pri! (82 neutrons), and Kr®*, Rb®?, Sr8§ and Y®® (50 
neutrons), have been measured. These isotopes all show ex- 
ceptionally low cross sections, verifying the existence of stable 
shells at 50 and 82 neutrons. 

1 Hughes, Spatz, and Goldstein, Phys. Rev. 70, 106A (1946); Phys. Rev. 


(in press). 
2M. Mayer, Phys. Rev. 74, 235 (1948). 


X6. Total Cross Section of Carbon and Hydrogen for Fast 
Neutrons.* E. E. Lampi, G. FREIER, AND J. H. WILLIAMs, 
University of Minnesota.—The total cross section of neutrons 
scattered by carbon and hydrogen has been measured in the 
energy range 0.8 Mev to 1.6 Mev by determining the transmis- 
sion of graphite and polythene scatterers. A thin lithium target 
was used with the Minnesota Van de Graaff generator to pro- 
duce neutrons of discrete energies each having an energy 
spread of approximately 15 kev. The geometrical corrections 
were determined by measuring the cross section as a function 
of the area of the scatterer. The corrected cross section was 
calculated by a linear extrapolation of the cross section vs. area 
curve to zero area of the scatterer. Measurements of the cross 
section as a function of the scatterer thickness eliminated 
errors due to multiple scattering. The results were further 
checked by increasing the distance from the scatterer to the 
detector by 50 percent. Preliminary results are tabulated 
below. 

Hydrogen cross - 
section in barns 


2.82 4.70 +0.04 
2.54 4,06 +0.03 
2.19 3.63 40.04 
2.00 3.33 40.02 


* This research was supported in part by ONR. 


Carbon cross section 
in barns 


Neutron energy 
in Mev 


X7. Small Angle Scattering of Neutrons. D. MENEGHETTI, 
Argonne National Laboratory.—During neutron cross section 
studies of powdered crystalline CaO and ZnO, with the me- 
chanical velocity selector, large scattering components were 
observed in the region from 0.001 to 0.003 ev. By moving the 
samples closer to the counter, the geometry was changed to 
include in the measurement neutrons scattered at small angles 
and the resulting cross sections decreased. The ratio of the 
geometry change to the cross section change indicated small 
angle scattering. Subsequent experiments showed that powders 
and pressed powders scatter neutrons at small angles; single 
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crystals, solids consisting of large crystals, and solid metals do 
not exhibit small angle scattering. The angular distribution of 
the scattered neutrons was found to be Gaussian. The half- 
widths were found to vary directly as the square of the neutron 
wave-length and as the square root of the sample thickness. In 
general the results can be accounted for by a theory based on 
that for refraction of x-rays by finely divided materials. 


X8. Neutron Resonance Scattering by W'*. S. HARRIS AND 
C. O. MUEHLHAUSE, Argonne National Laboratory.—Lowry 
and Goldhaber! have found a resonance activation integral 
for W'86 at 18 ev? of 446, and accompanying this comparable 
resonance scattering. Using a 4-annular scattering chamber*® 
we have investigated the epicadmium neutron scattering 
of normal and enriched W isotopes and found large reso- 
nance scattering associated with W1#*°, A boron absorption 
analysis of the resonantly scattered neutrons has yielded 
a value of ~15 ev for the resonance energy. The total cross 
section and the scattering cross section for self indication 
have been measured for W18 and found to be ~16,0005 
and ~11,000b respectively. Also the scattering resonance 
integral by comparison with carbon has been determined for 
W!86 and found to be 11000. The latter value, 1100b, com- 
pared with the 446d activation integral indicates that at the 
18 ev resonance ~70 percent of the neutrons are scattered and 
~30 percent are captured. This is also indicated by the self 
detected cross sections. Other figures of interest to be compared 
with these are: Mn (300 ev): 95 percent scattering, 5 percent 
capture; Au (4.8 ev): 10 percent scattering, 90 percent 
capture. 

1L,. Lowry and M. Goldhaber, University of Illinois, unpublished (1948) 


2 Havens ¢e al., Phys. Rev. 71, 165 (1947) 
3S. Harris, A. Langsdorf, and F. Seidl, Phys. Rev. 72, 866 (1947). 


X9. Widths of Neutron Resonances. L. L. Lowry* anp 
M. GOLDHABER, University of Illinois.—Resonance integrals 
p=JS 0.5 ev Seap(@E/E), radiation widths Ty, and neutron 
widths gl’, have been measured for various nuclei. They are 
tabulated, uncorrected for Doppler broadening, in the follow- 
ing order: Resonance energy Eo (ev), I'y (ev), gf'n(107* ev) and 
p(10-* cm?). Au!*? was used as a standard and the following 
constants assumed for it: Eo=4.8 ev, Ty=0.15 ev and gI, 
=0.0079 ev. Where more than one level was present, the lowest 
was isolated by the “double filter’? method,! except for Re!8’, 
where the results depend on the assumption that a single level 
is responsible for most of the activity. 


As?’ Br?® Rhis Pdis Agi? Agios Wise Rel87 Iris 


—_ 1.28 24 — 5.1 18 (~27) 1.29 
-_- — 0.14 014 — 0.12 0.12 (~3) 0.10 
_- _ 0.4 49 —_ 6 39 (~90) 0.5 
70 168 790 316 161 1080 446 454 1424 


For Pd!°* and W"*6, where the resonances are very high, I’, and 
IT’, are of the same order.” 
* Now at Los Alamos Scientific Laboratory. 


1A. A. Yalow and M. Goldhaber, Phys. Rev. 68, 99 (1945). 
2 See abstract by S. Harris and C. O. Muehlhause. 


X10. Resonance Neutron Activation of “Even-Even” Nu- 
clei. A. W. SuNYAR AND M. GOoLpHABER, University of 
Illinois.*—Capture resonance integrals have been determined 
for the following capturing nuclei of the “‘even-even” type: 
Ni, Zn®8, Ge, Se®?, Zr, Mo!, Rul, Pquie Cqui6 Spit, Spit 
Ba’, Sm!82, Os!99, Pt!98, Hg? and Pb?°8, The resonance inte- 
grals are found to be S 10 X 10-* cm? with two exceptions. For 
Sm!" we find 2400 10-* cm? and for Pt!® 77107 cm’. 
Sm! has the highest resonance we have found, with a maxi- 
mum cross section >100,000 x 10-* cm?. For Sm!® the radia- 
tion width and neutron width are of the same order of magni- 
tude, each ~0.1 ev. It appears that “even-even” nuclei differ 
from ‘“‘odd-even” nuclei (see preceding abstract) in having 
larger I’, and smaller level density. The natural line width for 
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the resonance level in Pd!°* has been determined by a variation 
of the usual Doppler effect method. A thick “‘self-absorber”’ 
removed neutrons within a few half-widths of the resonance 
maximum. Theactivity was measured at two detector tempera- 
tures. The natural width determined from the activity ratio is 
~0.20 ev. 


* Supported jointly by ONR and AEC. 


Electron Physics 


Y1. A Dynamic System for Secondary Electron Emission 
Measurements at High Temperatures. L. J. RUEGER AND 
F. C. Topp, Battelle Memorial Institute-—For a survey of the 
secondary electron emission of materials at high temperatures, 
equipment has been constructed that employs interchangeable 
targets in a dynamic vacuum system. To measure the second- 
ary electron emission from metals, semiconductors and insula- 
tors under identical conditions and without the accumulation 
of charges on the surfaces, a pulse technique is employed. The 
energy of the primary beam is varied from 100 to 2000 volts, 
and the duty cycle can be varied from 1 microsecond on and 
5000 microseconds off to 10 microseconds on and 240 micro- 
seconds off. By variation of the duty cycle, it is easy to demon- 
strate that accumulated surface charges do not affect the 
measurements. The equipment was checked by measurements 
on molybdenum targets; no temperature dependence was ob- 
served and excellent agreement was obtained with published 
results. Surfaces were first outgassed at 1100°C and gave very 
reproducible measurements for surface temperatures down to 


600°C before adsorbed gases were observed. This paper is * 


based on work performed on U. S. Air Force Contract No. 
W33-038ac14228. 


Y2. Secondary Electron Emission from Oxides at High 
Temperatures. F. C. Topp anp L. J. RUEGER, Battelle 
Memorial Institute——The secondary electron emission at high 
temperature has been reported by several authors for barium- 
strontium coated cathodes.» Comparable data on other oxides 
have been obtained with pulse techniques. To avoid surface 
films, all surfaces were first held at 1100°C for about 15 
minutes. With filament-heated molybdenum targets of the 
same secondary emission, the secondary electron emission of 
thin films of thorium oxide, lanthanum oxide, uranium oxide, 
and manganese oxide have been measured in the temperature 
range from 800° to 1100°C. The resistivity of these same oxides 
has been measured over a larger temperature range for com- 
parison with the secondary emission. The secondary electron 
emission from an oxide often shows a peak, or minimum in this 
temperature range. This paper is based on work performed on 
U. S. Air Force Contract No. W33-038ac14228. 


1J. B. Johnson, Phys. Rev. 73, 1058 (1948). 
2M. A. Pomerantz, Phys. Rev. 70, 33 (1946). 


Y3. An Interpretation of Secondary Electron Emission 
Data for Homogeneous Solids. E. J. STERNGLASS, Naval 
Ordnance Laboratory.—The secondary electron emission ratios 
obtained by other investigators are corrected for the high 
energy, back-scattered electrons using data by Palluel.t Curves 
showing the relationship between the corrected ratios (A) and 
the energy (V) of the primary electrons are grouped according 
to the principal quantum number 1. The initial slopes s of these 
curves approach the same limiting value for elements having 
the same n. 1/s is found to be equal to the average amount of 
energy ® taken from the primary electron per low energy sec- 
ondary electron formed, and it can be expressed as 1 exp(n/2). 
If A is assumed to be equal to the product of the total number 
of secondaries formed in the solid, per primary electron, times 
an escape probability F(V), it can be shown from existing data 
that F(V) decreases with increasing V in an exponential 
manner. One then arrives at the following useful relation- 
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ship A=(A,V/®) exp—8V?, where A; and £8 are empirical 
constants. 
1 P, Palluel, Comptes Rendus 224, 1492 (1947). 


Y4. Measurement of Probability-Amplitude Distributions. 
P. S. JastraM.—Amplitude distributions for either periodic or 
randomly varying real functions of one variable can be meas- 
ured directly by use of a cathode-ray oscilloscope and a 
phototube. The function, expressed in the form of a time- 
dependent voltage, is impressed on the vertical deflection 
plates, and a small section of the screen, selected by a hori- 
zontal slit, is viewed by a phototube. The phototube current is 
proportional to the brightness of the screen at the position of 
the slit, which, under appropriate conditions, is in turn pro- 
portional to the amplitude density of the applied signal at the 
corresponding voltage. A bias voltage impressed on the vertical 
plates permits the zero-voltage point to be shifted so that the 
slit effectively scans all parts of the signal, giving the density 
distribution as a function of amplitude. The method has been 
applied to functions consisting of random noise. Distributions 
have been obtained, for example, of noise passed successively 
through a bandpass filter, a non-linear element (quadratic or 
linear rectifier), and a low pass filter that introduces various 
degrees of frequency distortion. The distributions measured 
for the quadratic rectifier agree closely with those predicted by 
Kac and Siegert. 


YS. Noise Characteristics of Dry Cells.* B. R. RussELi 
AND P. H.. MILLER, JR., University of Pennsylvuania.—The 
* fluctuation in current through a commercial dry cell (such as a 
Burgess xx45) when connected to a loading network have been 
measured at room temperature in a noise spectrum analyser! 
covering the frequency range from 10? to 5X105 c.p.s. The 
noise is found to vary as »~!*, and the magnitude of the noise 
depends on the age and type of battery and the current drawn. 
A typical order of magnitude for a 67} volt battery is 10-“ 
volts?/cycle at 1000 c.p.s. where the total resistance in the 
circuit is 1000 ohms and the noise voltage is observed across 
the resistor. 


* This work was supported by Bureau of Ships, U. S. Navy. 
1 Bull. Am. Phys. Soc. 24, No. 3, Paper F6 (194%). 


Y6. Measurements of Positive Ion-Electron Recombina- 
tion.* MANFRED A. BIONDI AND SANBORN C. Brown, Massa- 
chusetts Institute of Technology—A microwave method of ob- 
serving the removal of electrons from initially ionized gases has 
been developed.! A pulsed electrodeless discharge is used, and 
the decay of electron density is measured after the ionizing 
field is removed. The method has been applied to studies of 
positive ion-electron recombination in helium, neon, argon, 
and oxygen. The pressure range studied is 1-30 mm Hg, and 
the average energy of the ions and electrons is varied from 0.01 
to 0.05 electron volt. The values of the recombination coeffi- 
cient for these gases are in the range 10-8 to 10-6 (cc/ion-sec. ) 
and are much larger than values previously reported. The 
recombination is of two types; one type is independent of pres- 
sure and energy over the range studied while the other depends 
strongly on pressure and energy. The recombination coeffi- 
cients have been measured as functions of pressure and energy. 


* This work has been supported in part™by the Signal Corps, the Air 
5 sone and ONR. ; z 

assachusetts Institute o “ao . Research Laborat f Elec- 
tronics, Technical Report No. - —_ a 


Y7. Ionization of Neon by Atomic Projectiles of Neon.* 
Joun H. Martin, Washington University, St. Louis, Missouri. 
—A study was made of the ionization of neon gas when bom- 
barded with neon ions and neon atoms that have kinetic 
energies ranging from 25 to 1000 ev. An electronic space- 
charged type of positive ion detector was used to observe 
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the ionization. The onset of ionization by positive ions was 
seen to occur at about 43 ev, which is the theoretical mini- 
mum energy that the projectile can have. Ionization by an 
exchange process was observed to occur at energies as low 
as 25 ev. A plot of the cross section for ionization by collision 
against the energy of the ionic projectile displayed well- 
defined peaks at 50, 140, 200, and 300 ev. Above 300 ev a 
fairly rapid drop of the cross section was observed. The onset 
of ionization by neon atoms was seen to occur at about 120 
ev. A plot of the cross section for this process against pro- 
jectile energy displayed a smooth rise to a maximum at 700 
ev, then a rather rapid decline. Arguments can be presented 
to explain only a part of the characteristics of these curves. 


* Assisted by the joint program of the ONR and the AEC. 


Y8. Electric Current Transients through Human Tissue 
and Skin. JoHN W. Moore, Medical College of Virginia.— 
Current transients produced by the application of rectangular 
voltage waves to electrodes on the human body are presented 
on a large oscillograph screen and photographed for analysis, 
When the steady-state current is subtracted from the over- 
shooting transient, the semilog plot of the net current vs. time 
did not give a straight line as would be expected from models 
(consisting of a 3 unit condenser and resistor network) de- 
veloped by workers using frequency response data. The results 
tend to agree with Hozowa! who obtained with a ballistic 
galvanometer, the point-by-point shape of the transient. He 
obtained a semilog plot which deviated from a straight line 
toward the end of the transient. This was interpreted as a 
variation in one of the model elements (condenser) with time. 
However, the present work indicated a double exponential was 
involved. A network of two RC’s was able to give the same 
type current transient as observed through the human body. 
Although the steady state current, corresponding to the d.c. 
resistance varies widely for different subjects and conditions, 


the semilog plots gave characteristic slopes. 
1S. Hozowa, Arch. f. d. ges. Physiol. 219, 111 (1928). 


Theoretical Physics, II 


Z1. Meson Production in a Photo-nuclear Collision. MELVIN 
Lax, Syracuse University AND H. FESHBACH, Massachusetts 
Institute of Technology.—The problem of meson production in 
a photo-nuclear collision, treated by Hamilton and Peng* is 
generalized to cover the case of a struck nucleus. An upper 
limit to the cross section is obtained by using the closure rule, 
i.e. by including in the cross-section calculation some final 
states which are not energetically permissible. This upper limit 
a’ will be a good approximation to the true cross section well 
above threshold where the energetically possible final states 
make the most important contribution to the closure sum. o’ 
splits into an incoherent and a coherent part. For positive 
meson production the incoherent part is essentially Z times the 
cross section for a photon proton collision. This result is 
multiplied by a (form) factor, not much less than unity which 
favors wide-angle production of mesons. The incoherent part 
of the cross section is evaluated approximately and shown to be 
of order unity rather than Z. The physical basis of this result is 
that a struck nucleus changes its nature on emitting a meson. 
Except near threshold, the coherent contribution may be 
neglected relative to the incoherent. 


* Proc. Roy. Irish Acad. 1A, 197 (1944). 


Z2. Creation of Mesons by High Energy Nucleons.* E. 
Strick, Purdue University.—Using the scalar meson theory, 
Nordheim and Nordheim! have calculated, using standard 
third order perturbation theory, the cross section for the pro- 
duction of mesons by high energy nucleons. Wang,? however, 
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has pointed out that Nordheim and Nordheim started from a 
wrong expression for the transition probabilities. Using the 
correct expression, it is easily possible to calculate the cross 
section o for scalar mesons, and the final result is given by the 
formula 


o =4A (g2/hc)*(M/u)*(hc/Eo} log(M/x), 


where Eo is the energy of the impinging nucleon and A the 
atomic weight of the target nucleus. This formula is only valid 
in the extreme relativistic region, and differs from Nordheim 
and Nordheim’s result only by a numerical factor of the order 
of magnitude 4. 

* Supported in part by a contract with ONR 


1L. W. Nordheim and G. Nordheim, Phys. Rev. 54, 254 (1938). 
2F, S. Wang, Zeits. f. Physik 115, 431 (1940). 


Z3. Fourth-Order Interaction between Nucleons in the 
Pseudoscalar Meson Theory. H. A. BETHE, Cornell Uni- 
versity.—In the pseudoscalar meson theory with pseudoscalar 
coupling, the ordinary (f?) interaction between nucleons is 
weak because it involves the s operator for each nucleon which 
is small non-relativistically. It has been shown that therefore 
f?/he must be assumed very large (about 40). The interaction 
of order f* may, in this special case, be expected to be larger 
than the f? interaction: In this case, two mesons are exchanged 
between the two nucleons; therefore the operator ys? is in- 
volved for each nucleon which has the value 1. Calculation 
shows that indeed f?/hc now needs to be only about 4 to explain 
the binding of the deuteron. Going to still higher orders will 
not give a similar further increase of the interaction. The /* 
interaction automatically gives forces between like and unlike 
particles of about equal magnitude, even if only charged 
mesons are assumed. However, the forces are ordinary, spin- 
independent forces and increase as 1/r* at small distances ; only 
in the relativistic region is the behavior reduced to 1/r. All 
these results are contrary to observation, but some of them 
may still be changed by radiative corrections which must be 
large because of the still large value of f?/hc. 


Z4. Interaction Representation for Mesons. FREDERIK J. 
BELINFANTE, Purdue University.—Authors using supermany- 
time methods for mesons have avoided incorporating inter- 
action terms in whatever identities (field equations without 
d/dt) hold between field co-ordinates g(x). Usually this is 
possible only after needless complication of the theory by 
Stueckelberg’s introduction of auxiliary conditions. This com- 
plication at first seems unavoidable, as simple transformation 
to interaction representation (‘‘R-transformation”) leaves 
identities unchanged, thus not eliminating interactions there. 
Due to derivatives of 5-functions in the commutation relations, 
however, the R-transformed q(x) will depend on the slope 
through x of the space-like surface o used for the R-transforma- 
tion. The R-transformed are made simple point-functions ¢°(x) 
again by taking o at x perpendicular to the time axis. Then the 
Lorentz transformation of g°(x) will differ from that of q(x). 
Thence new variables Q°(x) expressible in terms of g°(x) must 
be introduced as to restore proper tensor behaviour of the 
Q°(x). This done, the new Q°(x) satisfy automatically field 
equations (including identities) without interaction and the 
proper relativistic commutation relations. Thus auxiliary con- 
ditions are avoided, while the theory is essentially simplified. A 
neutral vector-meson field with only vector interaction will be 
discussed as an example. 


Z5. On the Classical Theory of the Electron. ALFRED 
Lanp£, Ohio State University —The electron has mechanical 
mass, surrounded by a field diverging from the charge e. It is 
possible to build-an invariant theory of the electron on the 
assumption that, although the Lorentz force density is not 
balanced in every charged volume element by a mechanical 
momentum increase, yet the total Lorentz force equals the 


momentum increase of the mechanical mass thought in the 
center of the charge e. The density of the charge may decrease 
exponentially from the center so as to produce a certain radius. 
Field and charge distribution then are controlled only by the 
Maxwell equations, and the motion of the center by relativistic 
mechanics. Difficulties arise, in case of several electrons, when 
their charges overlap. 


Z6. Invariant Theoretical Determination of Position Oper- 
ators. T. D. NEwTon AND E. P. WIGNER, Princeton Uni- 
verstty.—The representations of the inhomogeneous Lorentz 
group provide a listing of all classes of equivalent wave equa- 
tions of a free particle. Thus the requirement of relativistic 
invariance gives all equations of motion of quantum me- 
chanics. However, the formalism remains largely empty be- 
cause the form of only those operators is automatically de- 
termined which correspond to total linear and angular 
momenta. We have attémpted to find criteria determining 
other operators, particularly those corresponding to position. 
As a first step we sought the wave functions describing a par- 
ticle localized at a given time ¢t, at a point P. The linear 
manifold, So, of functions localized at the origin for time ¢=0 is 
defined by certain regularity conditions and two further re- 
quirements; (a) that So be invariant under spatial rotations 
about the origin and space and time reflections; and (b) that 
a displacement shall make a function of So orthogonal to any 
undisplaced function of So. These axioms uniquely determine 
So, and hence the position operators, for any type of particle of 
non-zero mass, and of energy of one sign only. The same is true 
for particles of zero mass and zero or infinite spin. There are 
two insignificantly different operators in case of spin 4, zero 
mass. No position operators for larger finite spin, and zero 
mass, e.g. for the Maxwell equations, can be defined. 


Z7. Covariant Field Theories.* PETER G. BERGMANN AND 
JoHanna H. M. BruninGs, Syracuse University—In an 
attempt to quantize a consistently covariant field theory, the 
program outlined in an earlier paper! has been pursued further. 
If the Lagrangian is to be an integral extended only over the 
nonsingular portions of the field, excluding any singularities 
(particles), it is useful to introduce an alternative set of 
coordinates «*, t, as variables of integration, in terms of which 
the motions of the particles can be prescribed arbitrarily, even 
before the field equations are integrated. The original coordi- 
nates x*, including any particle coordinates, then become 
formally field variables, and their canonical conjugates are the 
energy and momentum densities. This procedure has some 
similarity with proposals by Weiss.? Since the momenta are not 
algebraically independent of each other, a function of the field 
variables and their first derivatives will not be a “dynamical 
variable”’ (a function of the canonical coordinates only) unless 
it satisfies certain differential conditions. 

* Assisted by ONR. 


1 Peter G. Bergmann, Phys. Rev. 75, 680 (1949). 
2 Proc. Roy. Soc. A156, 192 (1936), A169, 102, 119 (1938). 


Z8. Operator Matrices for Relations of Space and Time 
Intervals. RICHARD SCHLEGEL, Michigan State College—The 
relations between space and time intervals of a physical dis- 
placement can be represented by a matrix which in operation 
on the vector of a displacement in one dimension gives the 
associated intervals in other dimensions. Such matrices S and 
T for pure space and time displacements, respectively, in either 
a rest system or in one related thereto by a Lorentz transforma- 
tion, satisfy the equations ST=T, TS=S, S*=S, T*=T, 
where 2 is a positive integer. These relations remove ambiguity 
from the definition of the operator matrix. Application is made 
by contrasting the space-time characteristics of observations of 
particle and wave properties, and by exhibiting the time 
interval that is associated with the spatial extension of a 
particle wave. 
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Z9. Basic Electromagnetic Theory and the Correspondence 
Principle.* HERMAN M. ScHwartz, Brookhaven National 
Laboratory.—The first part of the paper is concerned with an 
examination of the attempts to remove the divergence diffi- 
culties of present quantum electrodynamics by superposing 
quantization upon a suitably constructed divergence-free 
classical model. It ‘is concluded that this extrapolation of 
Bohr’s correspondence principle is not justified. It is suggested 
that a more reasonable starting point appears at present to be 
the assumption that the results and concepts of present 
quantized electromagnetic field theory will appear as a suitable 
limiting case in the complete theory of the future. The second 
part of the paper is devoted to a discussion of preliminary 
calculations, aiming to develop the consequences of the 
hypothesis that present electromagnetic theory is a limiting 
case in the sense that it involves continuous space-time de- 
scription, and that such description is inapplicable for instance, 
to the discussion of structural properties of elementary par- 
ticles. The modification proposed cannot be explained ration- 
ally in conventional space-time language any more than pure 
quantum mechanical effects can be explained rationally in the 
language of Newtonian mechanics. Thus, for instance, one 
would have to say that an electron has simultaneously prop- 
erties of a point and also of a rigid extended structure. 


* Research carried out at Brookhaven National Laboratory under the 
auspices of the AEC. 


Z10. The Approximate Solution of Certain Boundary Value 
Problems Involving Moving Boundaries. HowarD REISS AND 
Victor K. La MER, Department of Chemistry, Columbia Uni- 
versity.—A theory of the formation and growth of monodisperse 
aerosols and hydrosols has been developed on the basis of 
diffusion theory. Such diffusion problems as the formation or 
evaporation of small particles are complicated by either the 
growth or shrinkage of the boundary surfaces. In order to re- 
solve such problems, an approximate method has been utilized 
which depends upon the condition that the flux of diffusing 
material through any surface in the diffusion field must far 
exceed the rate of change of concentration of diffusing material 
on that surface. A boundary condition is formulated for an 
impermeable shell which is in harmony with the approximate 
viewpoint. The accuracy of this approximation is measured by 
applying it to cases which involve stationary boundaries where 
the rigorous solution is available. The method is then utilized 
for the solution of two crucial problems, involving moving 
boundaries, which arise in the theory of the growth of mono- 
disperse aerosols and hydrosols. Data on the growth of sulfur 
sols,* computed in this manner, are compared with those ob- 
tained by means of light scattering experiments. 


* Zaiser-La Mer, J. Coll. Sci. 3, 571 (1948). 


Z11. On the Uncertainty Principle. GERTRUDE SCHWARz- 
MANN.—Replacing the electroscope in A. J. Dempster’s mass 
spectograph by a nickel crystal provides an apparatus for 
testing the validity of the uncertainty principle. Electrons or 
protons falling through an electric field of known intensity fall 
with known velocity through slit S; into a transversal magnetic 
field of such strength that they describe a semicircle, its diame- 
ter the distance between S; and S:, then fall with unaltered 
velocity through S2 upon the nickel target. The measure of 
agreement between the observed wave-length and its theo- 
retical value obtained in this experiment should be the same as 
that obtained in experiments performed on undeflected beams 
notwithstanding the fact that observations on deflected beams 
measure wave-length and momentum ‘of materiel entities 
subsequently to an exact determination of their position. This 
experiment might be regarded as testing the admissibility of 
previously* outlined concepts of particles, and particle waves 
and their interrelation, these concepts requiring that the 
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entities of matter more strictly obey the laws of classical 
physics than agrees with their current interpretation. 


* Phys. Rev. 72, 154, 536, 744; 73, 1273, 1274 (1948). 


SP1. The Structure of the Extensive Cosmic-Ray Showers, 
G. Coccon1, V. Coccont TONGIORGI, AND K. GREISEN, Cornell 
University.—At 3200-m altitude the extensive air showers have 
been studied with a system of Geiger-Miiller counters con- 
nected to neon bulbs, capable of locating the core of the 
showers and of measuring the densities of both electrons and 
penetrating particles at distances up to 200 m from the core, 
The following results have been obtained: (a) Each shower has 
a single core. (b) An unique function describes the distribution 
of electrons in all showers. It agrees very well with the function 
calculated by Moliére. (c) The particles which penetrate more 
than 20 cm Pb have a very low absorption coefficient in lead, 
hence, are likely u-mesons. (d) The ratio: penetrating particle 
density/electron density, decreases with the distance from the 
core. In a typical shower it varies from 0.7 percent near the 
core to 2.5 percent at 200 m. (e) Showers of total energies up 
to 10'8 ev have been recorded. 


SP2. Neutrons in the Cosmic Radiation. VANNA Cocconi 
TonGiorGI, Cornell University.—With BF; counters embedded 
in paraffin, experiments have been performed at 260, 3200, 
and 4300 m elevation to study (a) the neutron component of 
the cosmic radiation, and (b) neutrons associated with ex- 
tensive cosmic-ray showers. The following conclusions have 
been reached: (1) Both neutrons (a) and (b) are mostly pro- 
duced by a radiation which is neither photons, electrons, nor 
p-mesons, hence is believed to consist of fast neutrons and 
protons. (2) At 3200 m, neutrons (a) appear to be produced in 
lead with average multiplicity close to 5. Neutrons (b) appear 
to be produced with multiplicity about 30. (3) Altitude varia- 
tion and barometric effect show that the radiation which pro- 
duces neutrons (a) has a mean free path in air of ~130 g/cm’. 
(4) At 3200 m, the intensity of the radiation which produces 
neutrons (a) is of the same order of the intensity of the total 
ionizing radiation. The radiation which produces neutrons (b) 
is ~2 percent of the ionizing particles in the showers, inde- 
pendently in first approximation of the size of the shower. 
These results lead us to think that the great majority of the 
producers of the moderate energy neutrons observed are fast 
neutrons. 


SP3. Radioactive Tin 121, 123, and 125. J. C. LEE* anp 
M. L. Poot, The Ohio State University —A 9.8+0.2-min. Sn 
activity, produced by slow neutron irradiation of Sn en- 
riched** to 83.1 percent, has been assigned to Sn™. Fast and 
slow neutron bombardments of 42.9 percent Sn! and fast 
neutron bombardment of 83.1 percent Sn™ have induced a 
40+1-min. activity which emits a 1.3-Mev beta-particle. 
Upon comparison of relative intensities produced in relation to 
isotopic concentrations, this 40-min. activity is assigned to 
Sn3, A 130-day activity isomeric with the 40-min. activity of 
Sn!3 has been produced by (d, p) reaction on Sn! and by 
(n, 2n) reaction on Sn, Aluminum absorption measurements 
in this long period indicate a beta-end point of 1.2 Mev. 
Isomeric with the 9.8-min. Sn™5 is a 10-day activity which has 
been produced by (d, p) reaction on Sn™, The 1.1-day activity 
of Sn”! which emits a low energy negative particle has been 
confirmed by (d, p) and (”, y) reactions on Sn” and by (n, 2) 
reaction on Sn”, 

* Now at Michigan State College. 


** Supplied by the Y-12 plant, Carbide and Carbon Chemicals Corpora- 
tion, through the Isotopes Division, U. S. AEC, Oak Ridge, Tennessee. 


SP4. The Effect of Viscosity on Circulation. C. TRUESDELL, 
Naval Research Laboratory.—The general circulation theorem 
of Jeffreys* is transformed into a flux theorem whose physical 
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significance is apparent. It is shown that in a viscous compres- 
sible fluid there are only three types of mechanisms by which 
the circulation is changed: one is exemplified by non-conserva- 
tive extraneous force, the second by baroclinic stratification, 
and the third by non-uniform viscosity. It is shown that the 
effect of viscosity in modifying the two former may be regarded 
as due to a suitable ‘‘effective extraneous force of viscosity”’ 
and a suitable “‘effective pressure of viscosity.” 


* Jeffreys, Proc. Camb. Phil. Soc. 24, 477 (1928). 


SP5. Neutron-Proton Scattering. K. M. Watson np J. V. 
Lepore, The Institute for Advanced Study.—Using the methods 


of Feynman and Dyson for treating radiative corrections in 
field theory, the scattering of neutrons by protons has been 
studied for a pseudoscalar meson theory with pseudoscalar 
coupling to the nucleon field. Arbitrary mixtures of charged 
and neutral meson fields were used. The scattering matrix has 
been obtained to the fourth order in the coupling constant. 
Terms analogous to the vacuum polarizability and Lamb shift 
of electrodynamics have infinite parts which -may be inter- 
preted as mesonic mass, nucleonic mass, and coupling constant 
renomalization. All remaining quantities are finite. Processes 
corresponding to double scattering give a large contribution. 
Numerical results will be presented. 
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MINUTES OF THE MEETING OF THE SOUTHEASTERN SECTION AT CLEMSON COLLEGE, 
APRIL 15-16, 1949 


HE fifteenth annual meeting of the South- 

eastern Section of the American Physical 
Society was held at Clemson College, Clemson, 
South Carolina, on Friday and Saturday, April 
15-16, 1949. Approximately 325 members and 
guests attended. 

The program consisted of sixty-seven ten-minute 
contributed papers and five addresses by invited 
speakers. Abstracts of sixty-four of the contributed 
papers are printed below. The others will be printed 
in the American Journal of Physics. The invited 
papers were as follows: 


Rocketborne Upper Atmospheric Experiments of the Air 
Materiel Command. Marcus O’Day, Watson Laboratories. 

High Speed Rotors. J. W. Beams, University of Virginia. 

New Developments in Infra-Red Spectrometry. EarLE K. 
PLYLER, Nattonal Bureau of Standards. 

Search for Beta-Proton Coincidences Associated with Neu- 
tron Decay. A. H. SNELL, Oak Ridge National Laboratory. 

The Oak Ridge National Laboratory. A. M. WEINBERG, Oak 
Ridge National Laboratory. 


Officers for the next year are as follows: Chairman, 
J. H. Howey; Vice Chairman, W. G. Pollard; Secre- 
tary, A. D. Callihan; Treasurer, H. F. Henry. F. G. 
Slack was elected to the Executive Committee for 
a four-year term. The next meeting will be held at 
the University of Chattanooga, in Chattanooga, 
Tennessee. 


Eric Rodgers, Retiring Secretary 


ABSTRACTS 


1. Neutron-Induced Short-Life Activities. Epwarp C. 
CAMPBELL AND WILFRED M. Goon, Oak Ridge National Labora- 
tory.—In order to study activities with half-lives in the frac- 
tional second range a pneumatic tube has been constructed 
and installed in the Oak Ridge pile. The tube is rectangular in 
cross section and allows the delivery in a few tenths of a second 
of an oriented thin foil sample from the center of the pile to a 
position at rest facing a shielded beta-counter outside the pile. 
The decay of the sample is recorded automatically. A new 
activity in tantalum having a half-life of 0.33 seconds has been 
found. The activity is unchanged when the tantalum is ir- 
radiated in cadmium. Absorption measurements show that 
conversion electrons from an isomeric level are being detected. 
The energies of these agree within experimental error with 
those observed following the beta-disintegration of Hf!*! to 
an excited state of Ta!*!, The activity is therefore tentatively 
assigned to an excited state of stable Ta!*. Results of an 
extensive search for other short-lived activities will be 
presented. 


2. Electron-Neutrino Correlation in Heavy Elements.* M. 
E. Rose, Oak Ridge National Laboratory.—The angular dis- 
tribution of recoil nuclei with respect to the direction of emis- 
sion of the electron (positron) in a radioactive decay provides 


a means of distinguishing between the various forms for the 
beta-interaction. In terms of the angular correlation of elec- 
trons and neutrinos the distribution for allowed transitions is 
of the form 1+A cos@ where @ is the angle between the direc- 
tions of electron and neutrino,! A =ncp/W, p and W are the 
momentum and total energy of the electron. For the Fermi, 
(Gamow-Teller) interaction n =1, (4). The possibility has been 
investigated that the Coulomb field on the electron may influ- 
ence the correlation coefficient A sufficiently as to lead to 
erroneous conclusions with regard to the interaction form. It 
has been found that m is changed by a factor which is the same 
for all five interaction forms. This factor departs from unity 
by an amount proportional to Z? and for Z ~80 the correction 
is only about 20 percent. Therefore, for the purpose of deciding 
between beta-interaction forms the influence of the Coulomb 
field may be neglected. 

* This work was done under Atomic Energy Project No. W-7405, eng 26, 


Oak Ridge, Tennessee. 
1D. R. Hamilton, Phys. Rev. 71, 456 (1947). 


3. Some Isotopic Neutron Absorption Cross Sections. H. S. 
POMERANCE, Oak Ridge National Laboratory.—The Oak Ridge 
pile oscillator! was designed to measure thermal neutron ab- 
sorption cross sections of small samples. At present, macro- 
scopic cross sections of 0.1 mm? can be detected and 1 mm? 
can be measured with 10 percent accuracy. Many enriched 
isotopes produced at the Oak Ridge electromagnetic plant 
(Y-12) are available in sufficient weight to be used. For four 
elements the isotopes have been measured and the weighted 
sum of the isotopic cross sections times their respective abun- 
dances have been compared with the cross sections for the 
normal element. The results are: 


Cr6°—16.3; Cr8— 0.73); Cr58@—17.5); 

Cr4— 0.3); Ni8®— 4.17); Ni®— 2.726; 
Ni®— 1.8); Ni®—14.8); Cu®%— 4.29); 
Cu®— 2.110; Zr®— 0.1165; Zr%— 1.54); 
Zr*— 0.269); Zr4— 0.1160; Zr*%— 0.2945. 


Estimated accuracies vary from 25 percent for the zirconium. 
to 5 percent for the copper. 


1J. I. Hoover, et al., Phys. Rev. 74, 864 (1948). 


4. Neutron Diffraction Studies of AgCl, Ag’Cl, and Ag’Cl 
W. A. Strauser, C. G. SHULL, AND E. O. WoLLAN, Oak Ridge 
National Laboratory.—Samples of silver chloride containing 
either normal silver or enriched silver isotopes have been 
examined in the neutron diffraction powder spectrometer in 
use at Oak Ridge. The powder patterns which have been ob- 
tained show that Ag, Ag!’, and Ag?®® all scatter neutrons with 
a positive scattering amplitude, the same as does chlorine. 
Measurements of the diffraction peak intensities permit evalu- 
ation of the coherent scattering cross sections for Ag, Ag?®’, 
and Ag!® as 5.1, 8.7, and 2.3 barns respectively. Powder diffrac- 
tion patterns for these materials will be shown and general 
details of the neutron spectrometer operation and cross section 
evaluation will be given. 


5. Microwave Spectrum of Methyl Fluoride, Fluoroform, 
and Phosphorus Tri-Fluoride. O. R. Gitiiam, H. D. Epwarps 
AND W. Gorpy, Duke University.*—From measurements on 
pure rotation transitions in the millimeter wave region the 
molecular dimensions have been determined as follows: for 
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CHF, dco =1.109A°, dcr =1.385A, and ZHCH=110°0; for 
HCF;, dcr=1.326A°, for PF3, dpr=1.546A° confirming evi- 
dence for nuclear spins of 4 for P** and F!® has been obtained 


* This research was supported by Contract No. W-19-122-ac-35 with the 
Army Air Forces, Watson Laboratories, Air Materiel Command. 


6. Microwave Spectrum of Methyl Alcohol and of Methyl 
Amine. H. D. Epwarps, O. R. GILLIAM, AND W. Gorpy, Duke 
University.*—The J=0 to J=1 rotational transitions of 
methyl alcohol and of methyl amine have been observed in the 
millimeter wave region. Measurements of the line positions 
yield the moments of inertia, Ip, 34.4489 10~*° gm-cm? for 
C#H;0"*H and 37.0206X10-* gm-cm? for C2H;N"“H2. The 
internuclear distance dco for methyl alcohol is evaluated as 
1.428A and the den distance is methyl amine as 1.469A. 


* This research was supported by Contract No. W-19-122-ac-35 with the 
Army Air Forces, Watson Laboratories, Air Materiel Command. 


7. An Experiment in X-ray Scattering. Eric RODGERs, 
University of Alabama.—A study has been made of the scatter- 
ing by iron of polarized x-rays. The x-rays from a 200-kv 
machine were scattered twice at 90°; first by a block of carbon, 
and second by a strip of iron extending through a magnetizing 
coil. No change in the intensity of the scattered rays was ob- 
served when the iron was magnetized by a direct current, but 
a change has been observed when it was magnetized by 60- 
cycle alternating current. Increases in intensity varying from 
zero up to 6 percent have been observed when the alternating 
field was on. The increase was found to depend on the phase 
relationship between the magnetic flux through the iron and 
the portion of the cycle at which maximum x-ray output 
occurred. A pick-up coil around the iron and the output of an 
anthracene crystal photo-multiplier combination in the x-ray 
beam were connected to an oscilloscope to show these phase 
relationships. Greater changes were observed in a direction 
perpendicular to the primary beam than in a direction parallel 
to it. A further study of the effect is in progress. 


8. Color Produced in Quartz by X-rays. Guy FoRMAN, 
Vanderbilt University—Z-cut sections of quartz were irradi- 
ated with x-rays from a berryllium window x-ray tube. Color 
produced in the quartz was studied by measuring, before and 
after irradiation with x-rays, the percentage of transmission 
of light of different wave-lengths in the visible region of the 
spectrum. Definite color saturations were obtained which 
could not be changed by further x-ray irradiation. The percent 
of transmission, at saturation, is different for different wave- 
lengths of light. The color was removed from the quartz by 
heating the sections in a furnace at temperatures ranging from 
250°C to 400°C. The irradiation processes were repeated and 
the color produced was again studied. From the data collected 
the maximum coloration appears to be a physical property of 
the particular quartz section. 


9. Photo-Multiplier Detector for X-ray Spectrometer. J. S. 
Brown, G. M. Farrior, AND ARTHUR WALTNER, North Caro- 
lina State College-—The photo-multiplier tube used in con- 
junction with a fluorescent screen has been used as an x-ray 
detector by various investigators.! We have built an x-ray 
spectrometer using such a detector. A student-type spectrom- 
eter was used as a foundation with a collimator and crystal 
mounted in the usual way. X-rays are detected by means of 
a type 931-A photo-multiplier tube used in conjunction with 
a fluorescent screen. Efficiencies of several fluorescent screens 
are compared and curves are presented showing the perform- 
ance of this simplified spectrometer. 


1 Marshall, Coltman, and Hunter, Rev. Sci. Inst. 18, 504 (1947). 
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10. On the Knock-On Secondaries of Penetrating Particles, 
E. D. PALMATIER,* W. W. Brown, AND A. S. McKay, Cornel] 
University.—The knock-on secondaries of penetrating par. 
ticles emerging from Pb plates (15 gm-cm~*) have been in. 
vestigated by cloud-chamber and by counter telescope. The 
frequency of occurrence and the spatial distribution of the 
secondaries with respect to the primary penetrating particles 
have been measured and found to be in agreement for the two 

‘methods. Further data are presented on the backscattering 
of secondaries from Pb plates and on the emergence of second- 
aries from thin sections of material such as counter walls. The 
possible effect on counter experiments are considered. 


* Now at the University of North Carolina. 


11. Optimum Thickness for Alpha-Particles of Phosphor 
Surface in Scintillation Counters. J. M. WATKINS, JR. AND 
A. C. MENIUus, JR., Clemson Agricultural College.—An attempt 
is made to determine the ‘‘solid angle” as a function of the 
thickness of the silver activated zinc sulfide (wurtzite) used 
with the photo-multiplier tube! in conjunction with an ampli- 
tude discriminator? and a conventional scaling circuit. Associ- 


ated apparatus utilized in this experiment will be discussed.. 


Initial investigations show a maximum “‘solid angle’’ using 
5.3-Mev alpha-particles from Po*!®, Theoretical calculations 
suggest a means of determining the energy loss of the alpha- 
particle per centimeter of the phosphor due to scintillation as 
a function of the energy. 


1R., Sherr, Rev. Sci. Inst. 18, 767 (1947). 
2 Higinbotham, Gallagher, and Sands, Rev. Sci. Inst. 18, 706 (1947). 


12. An Improved Scintillation Counter. ARTHUR WALTNER, 
North Carolina State College.—Experiments are under way in 
which we attempt to suppress the dark current pulses of a 
scintillation counter by using two matched photo-multiplier 
tubes feeding their output into a coincidence circuit. The dark 
current pulses being of a random nature will in general not 
trigger the coincidence circuit, whereas a true count will pro- 
duce simultaneous pulses in the two photo-multipliers and 
therefore appear in the output of the coincidence circuit. 
Photographs of the dark current pulses are shown indicating 
the performance of this type of counting circuit. 


13. Three-Fold Coincidence Counter. W. H. JoRDAN AND 
J. C. Gunpiacu, Oak Ridge National Laboratory.—A circuit 
for counting triple coincidences in two Geiger tubes and an 
electron multiplier has been constructed. Delays in the Geiger 
tube channels have been held to a minimum (~0.1-y sec.) by 
triggering the associated multivibrators at the beginning of 
the Geiger discharge. The resolving time is kept constant by 
using delay-line controlled multivibrators. The random coinci- 
dence rate and the true coincidence rate are measured during 
the same time interval. This is done by splitting the pulse from 
the Geiger tube into two channels, delaying the pulse in one 
channel by ten microseconds, and then observing the coinci- 
dences in each channel with the undelayed pulse from the 
multiplier. Counts from the delayed channel are random 
coincidences; counts from the other channel are random plus 
true coincidences. 


14. On the Rate of Energy Loss of Protons and Deuterons. 
W. A. Bowers, University of North Carolina.—Recently 
Wilcox! has presented evidence showing that the rate of energy 
loss of slow protons and deuterons of the same velocity passing 
through gold may not be the same, as is predicted by current 
theories, but may differ slightly, with deuterons losing energy 
at a rate 5 or 10 percent greater than protons. Calculations 
have been carried out to see whether it is possible, as suggested 
by Wilcox, that this effect is due to the neglect in the usual 
theory of energy loss of the effect of elastic collision, which 
would give a slightly greater energy loss for deuterons than 











mt 


a> st 2 tee O. Cr 


pt 


ee 


—S a aS So oe 








AMERICAN PHYSICAL SOCIETY 197 


for protons. It turns out, however, that this effect is much too 
small to explain Wilcox’s results. One can see easily on a simple 
classical picture that the proposed mechanism will give an 
effect of the order of (electron mass/proton mass) times the 
usual energy loss, and quantum mechanical calculation con- 
firms this result.* 

1H. A. Wilcox, Phys. Rev. 74, 1743 (1948). 

*In a Letter to the Editor, Phys. Rev. 75, 891 (1949), which appeared 
after this abstract had been submitted, Hall and Warshaw report that more 


accurate measurements with the same apparatus show the same rate of 
energy loss for deuterons and protons. 


15. Composite Particles. H. M. Mose.Ley, University of 
North Carolina.—A proposal that particles of spin 0 or 1 are 
“composite” particles, consisting of two elementary particles 
each of spin 3 is treated, using a modified form of the equations 
discussed by Kemmer.*? The Dirac 6-function occurring in 
Kemmer’s equations is replaced, by application of Rosen’s® sta- 
tistical geometry theory, by a term of the form exp(—7r?/4a?), 
where a is a fundamental constant ~10-" cm. Work directed 
toward obtaining stationary-state solutions will be discussed. 

1Kemmer, Helv. Phys. Acta. 10, 47 (1937). 


2 Rosen, Phys. Rev. 74, 128(A) (1948). 
3 Rosen, Phys. Rev. 72, 298 (1947). 


16. Electric Field and Discharge Photographs. F. G. SLACK 
AND Hsien Yu-CHANG, Vanderbilt University.—In attempting 
to duplicate the ‘‘electric discharge figures” photographed by 
J. M. Kuehne! some interesting pictures have been obtained. 
Pictures have been made by condenser discharge and also by 
use of the photographic plate is dielectric between charged 
electrodes. In the latter case images of the electrode surface 
are obtained. This is true for non-metallic as well as for 
metallic electrodes. Satisfactory explanations are lacking. 
Further work is being done to determine the nature of the 
images and possible uses for them. 


1J, M. Kuehne, Science Illustrated 3, No. 12, 11, (1948). 


17. A Precision Method for Measuring Bioelectric Poten- 
tials. EDGAR B. DARDEN AND OTTO STUHLMAN, JR., University 
of North Carolina.—The circuit employed is a slight modifica- 
tion of the Wheatstone bridge arrangement designed by Burr, 
et al.,* for measuring slow changes in mammalian potentials. 
The two absolute 112-A filament-type triodes functioning as 
two arms of the bridge were replaced by two 6J5’s. The high 
input impedance required in bioelectric potential measure- 
ments was secured by applying the voltage, to be measured, 
across a 10-megohm resistor in the grid circuit of the input 
tube. The other tube functioned as a diode. Precision plate and 
bias regulations are provided so that with proper balancing of 
the bridge, a high sensitivity galvanometer connected between 
the plates measured a current almost directly proportional to 
the magnitude of an input e.m.f. The galvanometer was a 
Leeds and Northrup type 2285-X with a sensitivity of 0.057 
microvolts/mm. Contact potentials of the electrodes across 
which the bioelectrical potential was placed were minimized 
by using a pair of Ag-AgCl reversible electrodes in dilute KCI. 
A salt bridge leading from each reservoir terminated in a glass 
capillary containing a small, asbestos-fiber wick, served as the 
contact electrode on the surface of the plant, where the e.m.f. 
originated. 


* Burr, Lane, and Nims,. Yale Journal of Biology 9, 65-76 (1936). 


18. Bio-Electric Transients Accompanying the Closing 
Movements of the Lobes of Venus’ Fly-Trap. Otto STUHLMAN, 
JR. AND EpGar B. DaRDEN.—Closure of the trap-like structure 
at the end of the spatulated petiole of Venus’ Fly-Trap nor- 
mally follows when the three spike-like trigger hairs or the 
irritable inner epidermis is stimulated. The earlier work of the 


senior author showed that speed of closure depended on the 
pattern of excitation, which was hypothecated to originate as 
a localized destruction of the degree of polarization which pro- 
gressively spread as an equipotential electrical wave front 
propagated over the surface of the lobe at about 3.0 cm per sec. 
The present experimental evidence shows that the hypothesis 
was justified. The wave front was found to be a negative po- 
tential of about 0.05 volt for summer growth or as low as about 
0.01 volt for winter growth plants. It is measurable as a di- 
phasic or monophasic impulse depending on the position of the 
non-polarizable electrodes. The exact shape, speed and origin 
of the electrical impulse is being explored with the aid of a 
vacuum tube microvoltmeter, electrometer and oscilloscope. 


19. A Portable Vacuum Tube Electrometer of Wide Utility. 
E. E. BortNeR, Oak Ridge National Laboratory.—A simple 
electrometer employing a VX-32-B tube has been constructed 
and used in tests on various ionization chambers. It is a null- 
reading device and is used with apparatus, which is either 
inexpensive or generally available in established laboratories. 
The electrometer is well suited to experiments involving radio- 
activity in that it features a portable chamber, has good sensi- 
tivity, excellent stability and permits remote operation, so 
that the worker is not subject to over exposure. 


20. Measurement of the Thompson Coefficient for Tungsten 
at High Temperatures.* C. C. Sartain, University of Virginia. 
—The distribution of temperature along a straight filament 
carrying an electric current can be used to determine the 
Thompson coefficient o. The electron emission current is 
plotted as a function of length along the filament to indicate 
the temperature. Theory shows that ¢ is a function of the shape 
of this curve, the cross-section area, the thermal conductivity 
and the current through the filament. An experimental method 
for determination of o for temperatures between 1400°K and 
3000°K is described. 


* This work was partially supported by Contract NOrd-7873 with the 
Bureau of Ordnance of the Navy. 


21. The Conduction of Heat from a Long Circular Cylinder. 
R. H. Ritcuie anp C. B. CRAWLEY, University of Kentucky.— 
A previously known expression for the transient temperature 
variation in an infinite medium bounded internally by a long 
circular cylinder is discussed. It is evaluated over a certain 
range of time and of distance from the cylinder. Its practical 
application to heat pump operation is considered. 


22. Macroscopic Space Charge in Electrolytes during Elec- 
trolysis. CHARLES ALBERT REED* AND WILLIAM SCHRIEVER, 
University of Oklahoma.—In a uniform column of electrolyte, 
the potential rise was found to be a non-linear function of 
distance from the cathode, and it was shown that the non- 
linearity could not have been due to concentration changes 
caused by the electrolysis but must have been due to macro- 
scopic space charges in the electrolyte. Calculations showed 
the space charge to be positive very close to the cathode, nega- 
tive in the next quarter of the column, positive in the next 
nearly three-quarters of the column and negative very close 
to the anode. The eight electrolytes studied were 0.0024N 
solutions of CuSO, CuCl, ZnSO,., ZnCle, Zn(C:H;02)2, 
NiSO,, NiCle, and Ale(SO,4)3. Each column of electrolyte was 
40-cm long, and the constant potential difference was 8.000 
volts. The pure metal was used for the electrodes in each case. 
Although the space charges were very small, they had very 
appreciable effects on the potential gradients which were also 
calculated. 


* Now Associate Professor of Physics at Clemson College, Clemson, 
South Carolina. 
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23. Critical Damping and Time of Return of a Galvanom- 
eter Coil. MARVIN S. COHEN AND CLYDE B. CRAWLEY, Unt- 
ver sity of Kentucky.—Critical damping has been defined as the 
transition condition between over-damped and damped oscilla- 
tory motion. It is often erroneously assumed that the criti- 
cally damped condition has the property of minimum time of 
return for a body that is initially displaced from its equilibrium 
position. The motion of a galvanometer coil is used as an 
illustration of damped motion. Various definitions of the time 
of return are proposed and these times are calculated for 
various values of damping. It is found that the minimum time 
of return depends upon the choice of the definition of the time 
of return. It is also found that the value of the damping 
necessary to obtain the minimum time of return is dependent 
upon the choice of definition and is slightly less than the 
critical damped value. 


24. An Equivalent Electrical Circuit for a Galvanometer. 
R. C. Kinnamon, M. S. CoHEN, AND C. B. CrAw_LeEy, Uni- 
versity of Kentucky.—It is proved that a circuit consisting of a 
resistance in series with a parallel combination of a resistance, 
an inductance and a capacitance is equivalent electrically to a 
galvanometer. The method makes use of differential equations 
and does not specify the form of the applied voltage so that 
it is completely general. The values of the galvanometer con- 
stants as functions of the equivalent circuit parameters are 
obtained. These results as implied above are true for transient 
and steady state conditions and are independent of frequency. 


25. Anode Spark Breakdown on Distilled Water Surfaces. 
R. L. YounG anp HuGu F. Henry,* University of Georgia. 
Factors affecting the maximum breakdown distance of anode 
sparks produced on a distilled water surface have been investi- 
gated. The liquid was contained in a paraffin impregnated 
wooden cell approximately 100X100 cm, filled to a depth of 
5 cm with distilled water. A microfarad condenser was charged 
by a transformer-rectifier circuit, and the potential applied 
across the electrodes through a spark gap. The anode was a 
copper rod 0.26 cm in diameter which was suspended vertically 
with its tip in the liquid. The cathode was a copper plate 
12.6X 7.60.18 cm which was so suspended that its flat sur- 
face was perpendicular to the water surface and its contact 
with that surface was along its greatest dimension. The shape 
and vertical position of the cathode did not affect the break- 
down distance, but as the anode tip was immersed beneath the 
surface from 0 to 4 mm, that distance decreased. The break- 
down distance was found to be proportional to the applied 
potential in the range studied (6 to 14 kev), but no change was 
noted when the input capacitance was 2 mfd. 


* Now with Carbide and Carbon Chemicals Corporation, Oak Ridge, 
Tennessee. 


26. Apparatus for the Study of the Philips Gage Discharge. 
TALBOT CuuBB, University of North Carolina.—A program has 
been initiated at the University of North Carolina to investi- 
gate the Philips gage type of electrical discharge. Because the 
Philips gage discharge requires high vacuum, a 17-in. diameter 
bell jar enclosing the apparatus and mounted on an aluminum 
face plate is to be exhausted by an oil diffusion pump backed 
by a megavac. To provide the required magnetic field an 
electro-magnet has been built with its pole pieces mounted 
inside the vacuum system. The initial investigation is to study 
the role of secondary emission in the discharge. An assembly 
has been constructed to permit changing cathode plates under 
vacuum, so that a direct comparison between cathodes of 
various materials and of various designs can be made. A de- 
scription of the apparatus and the status of the study will be 
given. 
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27. An Electrostatic Analyzer. Mary JANE A. LINKER, 
University of North Carolina.—By the use of a radial inverse 
first power electrostatic field Hughes and Rojansky! showed 
that a bundle of charged particles of the same energy could be 
focused in a manner similar to that in a magnetic field. A 
number of such electrostatic analysers have been built—some 
with deflecting plates subtending 127°17’, others 90°. One of 
the former type has been constructed, similar to the model 
built by Backus? for low energy spectra. Operation of the 
instrument has been tested using S® as a beta-ray source, 
Preliminary data show a close correlation with the S® spectrum 
determined by means of a magnetic spectrometer by Cork, 
Langer, and Price.* Future plans for the instrument include 
in addition to the measurement of other low energy beta-ray 
spectra, investigation of the physics of the instrument itself 
and its use as a source of mono-energetic particles for cloud 
chamber studies. 


1A. L. Hughes and V. Rojansky, Phys. Rev. 34, 284 (1929). 
2 John Backus, Phys. Rev. 68, 59 (1945). 
3 Cork, Langer, and Price, Phys. Rev. 74, 548 (1948). 


28. Pulse Degradation in the Transient Response of Stable 
Linear Systems. W. WHITTIER WRIGHT AND W. B. WRIGLEY, 
Georgia Institute of Technology.—The concept of pulse degrada- 
tion in considerations of the transient response of linear stable 
electrical networks is presented by means of an elementary 
optical analog. The exact transient response of a single general 
network-aperture, as well as of several network apertures in 
tandem, is discussed with regard to the degradation of pulse 
signals passed by the system. The limitations of two widely 
used methods of transient analysis—the harmonic analysis- 
synthesis (superposition), and the Laplace-Fourier transform 
and inverse transform solution of network equations on the 
complex frequency plane—are pointed out. The need for a 
new degradation index to specify the effect on system transient 
response of varying an integral aperture is shown. Two possible 
approaches in obtaining this degradation index are suggested, 
and a general statement is made regarding the applications of 
the resultant mathematics to other (non-electrical) stable 
linear systems. 


29. Detection Pattern of a Magnetic Gradiometer. W. C. 
WINELAND, Naval Ordnance Laboratory.—The detection pat- 
tern of a simple magnetic gradiometer consisting of two similar 
magnetometers having their axes parallel and separated by a 
finite distance is calculated and compared with observed 
patterns. This detection pattern (which is considered to be the 
locus of points at which the presence of a magnetic dipole of 
fixed orientation produces a given difference in the components 
of magnetic field as measured by the two magnetometers) is 
shown to be a figure of six lobes. The effects of gradiometer 
unbalance and dipole orientation on the detection pattern are 
discussed. ' 


30. Magnetic Effect of Eddy Currents Induced in a Con- 
ducting Plane by the Approach of a Bar Magnet. STANLEY A. 
JASHEMSKI AND W. C, WINELAND, Naval Ordnance Laboratory. 
—The approach of a bar magnet with concentric search coil 
at constant velocity toward an infinite conducting plane is 
considered, and the voltage induced in the coil by eddy cur- 
rents in the plane is determined. The flux distribution produced 
by the magnet in the plane of the sheet is first determined 
experimentally by use of a number of concentric search coils, 
and the eddy currents in the sheet are calculated. The mag- 
netic field of these eddy currents is then approximated by 
means of a set of concentric current-carrying coils, and the flux 
change in the coil wound on the bar magnet is measured step- 
wise as the magnet approaches the simulated conducting 
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sheet. This semi-theoretical method permits a static determi- 
nation of the eddy current effect witheut resorting to the high 
velocities required to produce appreciable eddy currents. 


31. Generalized Theory for the String Galvanometer. G. 
W. CrawForD, North Carolina State College, F. T. RoGErs, 
Jr., Oak Ridge National Laboratory.—Represent the magnetic 
field! by a cosine series (Fourier coefficients a,, by integration 
over the half-length 4/ of undeflected string). If 


h=}ao— (2/n*) 2 (-1)as/P, (1) 
q= tac? + (3/227) 2 as?/ 7 — (3ao/n") 2 (—1)%az/7, (2) 
=1 =1 
and if the tension is? 2 dalL—iP, L being the length of the 
n= 


deflected string, then the mid-point deflection (D) is related 
to the current (z) by 


D 2 da(Sq*/3i) = ik? /8. (3) 
a= 


This new and compact form for D vs. i should be valuable in 
assessing modern demands on this instrument’s performance. 


1F, T. Rogers, Jr., Rev. Sci. Inst. 12, 351 (1941). 
2G. W. Crawford and F. T. Rogers, Jr., Phys. Rev. 74, 118 (1948). 


32. Ultraviolet Absorption Spectra of Some Pyridine De- 
rivatives in Liquid Solution. HARoLD P. STEPHENSON (Intro- 
duced by H. Sponer), Duke University—The absorption 
spectra of picolinic acid, nicotinic acid and isonicotinic acid 
and of a-picoline, 8-picoline and y-picoline have been measured 
in liquid solution using a Beckman spectrophotometer. Ethyl 
alcohol was used as solvent for the three pyridine carboxylic 
acids while the picolines were measured in iso-octane solutions. 
Extinction coefficients were obtained through the absorption 
regions of the substances extending in general from 2900- 
2200°A. The spectra of the three acids show two absorption 
peaks in the studied region, while the three methyl derivatives 
exhibit only one broad band. Maximum extinction coefficients 
for the acids range from 3900-2500 for the longer wave-length 
band and from 8600-7300 for the shorter wave-length band. 
For the picolines the corresponding fmax-values range from 
2500-1500 in the single band observed. This is of the same 
order of magnitude as the maximum extinction coefficient in 
the corresponding band of pyridine (max~2000). From the 
plots of the extinction coefficients versus wave numbers, the 
absorption strengths (oscillator strengths f) of the electronic 
transition in the different substances have been calculated. 
Tables of the various results will be presented and discussed. 


33. Overtones in the Absorption Spectra of Color Centers 
in Alkali Halide Crystals. RoBERT LAGEMANN, Emory Uni- 
versity.—Several new absorption bands have been noted in 
crystalline NaCl and KBr exposed to 50-kv x-rays from a 
copper target tube. In NaCl, for example, the new bands were 
found at 2300, 2950, 3600, and 8250 angstroms by use of a 
Beckman spectrophotometer operated manually. The band at 
2300A fades when the crystal is first exposed to light of the F 
band frequency (4600A) and new bands appear at 2950, 3600, 
and 8250A. Upon further exposure to light, the 3600A-band 
also disappears. It has also been found that the F band is 
apparently split into a partially resolved doublet or shifted 
in position when the crystal is exposed to light. The bands at 
the lower wave-lengths may be interpreted as arising from 
higher stationary states of the same absorbing centers which 
yield the familiar F, M, and R bands. Such an interpretation 
is supported by the knowledge that they occur at about twice 
the “fundamental” frequency, are much weaker than the 
previously known bands, and fade in the expected manner. 
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34. Spectral Color Determination by the Human Eye. W. A. 
Pryor* AND Hucu F. Henry,* University of Georgia.—The 
wave-length boundaries of the colors of the continuous spec- 
trum as viewed by the human eye have been measured with 
these results, in angstroms: 


7097 +9—Red—6226 +16—Orange—5895 +11— Yellow—5719 +12— 
Green—5 106 +8—Blue—4339 +12—Violet—4051 +3. 


The spectral source was a No. 2 Photoflood, and the wave- 
lengths were determined by a small B & L Constant Deviation 
Spectroscope. The observers were 110 students (13 girls and 
97 boys) between the ages of 18 and 30 selected at random. 
All could distinguish the six colors, and each selected the color 
boundaries given above. The average person’s interpretation 
of any color boundary was considered to be the mean of the 
different values for that wave-length. The deviation associated 
with each wave-length in the table is a measure of disagree- 
ment over the position of the boundary concerned. The limit- 
ing wave-length at the violet end of the spectrum is too high, 
as 14 observers stated they detected color below 4000A, the 
lowest reading on the spectroscope scale. 


* Now with Carbide and Carbon Chemicals Corporation, Oak Ridge, 
Tennessee. 


35. On the Beta-Spectrum of Tritium. W. J. Byatt, F. T. 
ROGERs,* AND A. W. WALTNER,** University of North Carolina. 
—Measurements of 8-activity from H* have been made using 
a low-pressure cloud chamber and non-sterographic photog- 
raphy. From these measurements, we get the differential dis- 
tribution of projected lengths. By solution of the related 
integral equation, we may get the distribution of actual 
lengths. From this point, it is a simple matter to get the energy 
distribution of the 8-spectrum by application of an energy- 
range relation. The data show good agreement with the Fermi 
theory of 8-decay in the 5-10 kev region. Agreement with 
results! obtained by Cockcroft and co-workers is also good. 

* Now at China Lake, Inyokern, California. 

** Now at N. C. State College of Agriculture and Engineering. 


1Curran, Angus, and Cockcroft, ‘‘Beta-Spectrum of H3,"" Nature 162, 
302 (1948). 


36. The Infra-Red Absorption Spectrum of Hydrogen 
Telluride Vapor from 3.8u-5.5u. HERMAN JARRELL* AND 
JoserH W. StrRaLey, University of North Carolina.—The infra- 
red spectrum of hydrogen telluride has been observed in the 
region from 3.84 to 5.54. The fundamental frequencies »; and 
vs are expected to appear in this region. Considerable absorp- 
tion was observed between 4.54 and 5.24. The line spacing 
varied quite linearly from a value of 4.5 cm™ to 7.0 cm™ from 
one side of the absorption to the other with an interpolated 
value of 6.09 cm~! at the center. The resolution is not adequate 
to unambiguously say that this absorption is not due to two 
overlapping bands. 


* Now at Clemson College, Clemson, S. C. 


37. The Infra-Red Spectrum of Chlorine Monofluoride.* 
T. F. Parkinson, E. A. Jones, AND A. H. NIELSEN,** Carbide 
and Carbon Chemicals Corporation.—The infra-red spectrum 
of CIF has been examined in the 2-154 region. The funda- 
mental band has been found centered at 772 cm™ and with 
well defined P and R branches. The P and R branches exhibit 
a doublet structure, the separation of which is about the 
isotopic shift to be expected in Cl®F and Cl*’F. The location of 
the 772 cm— fundamental is in agreement with its calculated 
position from the observed electronic spectrum of this mole- 
cule.+? The first overtone has been detected at about 1538 
cm}, However, this band lies in the strong atmospheric water 
vapor band at 6.26u, and it will therefore be necessary to 
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eliminate the water vapor before an exact band center can 
be quoted. 
* This document is based on work performed for the Atomic Energy 


Commission by Carbide and Carbon Chemicals Corporation, Oak Ridge, 


Tennessee. 
** University of Tennessee, Knoxville, Tenn. 
1A, L. Wahrhaftig, J. Chem. Phys. 10, 248 (1948). 
2 H. Schmitz and H. J. Schumacher, Zeits. f. Naturforschg. 2A, 359 (1947). 


38. A High-Speed Spectrometer for Raman Studies. W. E. 
HAISLEY AND JOSEPH W. STRALEY, University of North Caro- 
lina.—As is well known, the faintness of Raman spectrum 
lines requires that any instrument designed for their study 
must have high speed without excessive sacrifice of dispersion.! 
An instrument designed for this purpose is being built here 
at a cost considerably below that of commercially available 
models. The instrument is of the autocollimating type using a 
Wadsworth mount on a motor-driven prism table. The lens is 
an f 3.5 343 mm Eastman EY132 Anastigmat. Any of the 
mercury lines in the blue-green region will be suitable for 
irradiation. A carbon disulphide prism, presenting an effective 
area 10 cm square normal to the beam, is being used in the 
preliminary tests. Detection will normally be photoelectric? 
but may be made photographic with one small adjustment. 
Calculations indicate an overall speed of f 4.5 or better (de- 
ducting reflection losses) and a dispersion of 26.5 A/mm. 


1 James H. Hibben, The Raman Effect and Its Chemical Applications 


(1939), p. 25. 
2 Rank, Pfister, and Coleman, J. Opt. Soc. Am. 32, 390, 397 (1942). 


39. The Infra-Red and Raman Spectra of Chlorine Tri- 
fluoride.* ERNEsT A. JONES, T. F. PARKINSON, R. B. Murray, 
AND J. S. Kirspy-SmitH, Carbide and Carbon Chemicals Cor- 
poration.—The Raman spectrum of liquid chlorine trifluoride 
and the infra-red absorption spectrum of the gas in the 2 to 
25u region have been investigated. Samples were obtained by 
fractional distillation of commercially obtained material. The 
Raman spectrum of the liquid was photographed using Hg 5460 
excitation. The infra-red bands are: 485 (m.s.), 540 (s.), 630 
(m.s.), 702 (v.s.), 742 (s.), 760 (s.), 952 (v.w.), 1028 (w.), 
1110 (w.), 1235 (m.s.), 1268 (m.s.), 1468 (w.). The Raman 
lines are 321 (v.w.), 424 (v.w.), 502 (v.s.), 514 (v.s.), 753 (s.). 
The presence of five Raman lines is surprising since the ex- 
pected pyramidal or planar models should have four and three 
Raman frequencies respectively. These considerations suggest 
either an unsymmetrical form or more probably association in 
the liquid state. 

* This document is based on work performed for the Atomic Energy 


Commission by Carbide and Carbon Chemicals Corporation, at Oak Ridge, 
Tennessee. 


40. The Infra-Red and Raman Spectra of Carbonyl Fluo- 
ride.* P. J. H. WoLtz, Ernest A. JONES, AND A. H. NIELSEN, 
Carbide and Carbon Chemicals Corporation.—The infra-red 
spectrum of gaseous F2CO has been recorded from 2 to 25y. 
The infra-red bands are: 584* (m.s.), 626* (m.s.), 775* (s.), 
965* (s.). 1249* (v.s.), 1941* (v.s.), 2472 (w.), 2682 (v.w.), 
2887 (w.), 3163 (v.w.), 3403 (v.w.), 3696 (v.w.), 3882 (w.), 
4120 (v.w.). The six bands marked with an asterisk were 
considerably more intense than the rest and have been named 
the fundamentals, though definite assignment of the normal 
modes has not yet been made. With the exception of the band 
at 626 cm™, the bands appear to have well defined P, Q, R 
branches. The Raman spectrum of liquid F2CO has been ob- 
tained using Hg 4358 excitations with a Lane Wells Spectro- 
graph. The Raman lines are 571 (w.), 620 (m.), 771 (v.w.), 
965 (s.), 1238 (v.w.), 1909 (m.), and 1944 (v.w.). 

* This document is based on work performed for the Atomic Energy 


Commission by Carbide and Carbon Chemicals Corporation, at Oak Ridge, 
Tennessee, 


41. The Raman Spectrum of Hydrogen Fluoride.* J, §, 
KirBy-SMITH, AND E. A. JoNEs, Carbide and Carbon Chemicals 
Corporation.—The Raman spectrum of liquid hydrogen fluo- 
ride has been investigated at a temperature of approximately 
—40°C. A single extremely broad and diffuse band has been 
observed from both the Hg 4358 and Hg 4047 exciting lines, 
The band is without structure and is centered at about 3400 
cm~ with an approximate width of 1000 wave numbers. Long 
exposures under intense illumination have shown no other 
bands or discrete lines at lower frequencies. The large shift 
in the H-F fundamental frequency from 3960 cm in the gas 
phase, to 3400 cm™ in the liquid as well as the great width of 
the Raman band in the liquid state, is in quantitative agree- 
ment with the high degree of polymerization and association 
of the HF molecule in the liquid state. 

* This document is based on work performed for the Atomic Energy 


Commission by Carbide and Carbon Chemicals Corporation at Oak Ridge, 
Tennessee. 


42. The Infra-Red Spectrum and Molecular Constants of 
Deuterium Fluoride.* Hoyt M. Kaylor ANnpD ALVIN H. 
NIELSEN, The University of Tennessee.—The infra-red spec- 
trum of deuterium fluoride has been observed on an auto- 
matically recording spectrograph! utilizing a 7200 lines-per- 
inch replica grating. Ten lines in the P and R branches of the 
fundamental (v=0—1) band were recorded in first order at 
3.444 using a 5 cm. absorption cell filled to about 15 cm 
pressure. For the first overtone (v=0—>2) band, a 22 cm cell 
filled to 70 cm pressure made it possible to record about ten 
lines in each branch. This band was observed in second order 
of the grating at 1.75. The cell and windows were of fluoro- 
thene which is not attacked by deuterium fluoride, and which 
transmits about 60 percent of the energy in the absorption 
regions. Combinations relations are being applied as a means 
of analyzing the rotational structure, and the molecular con- 
stants will be given. Comparison between the present data 
and the HF constants? will be made. 

* The research discussed in this abstract was supported in part by a 


Frederick Gardner Cottrell grant-in-aid from the Research Corporation of 


New York. 
1A. H. Nielsen, J, Tenn. Sci. XXII, 241 (1947). 
2R. M. Talley and A. H. Nielsen, Phys. Rev. 74, 123 (1948). 


43. On the Freezing of Fresh Water Lakes. L. D. Hurr, 
Clemson Agricultural College—This paper is a theoretical in- 
vestigation of the rate of formation of ice on an exposed water 
surface. It is found that if the upper surface of the ice is kept 
at a constant temperature the thickness will vary with the 
square root of the time of freezing. This calculation neglects 
the insulating effect of the atmosphere and gives a rate of 
freezing which is too high. No solution in terms of the thermal 
conductivity of the air was attempted but a comparison of the 
equations for diffusion and heat conduction allows a compari- 
son of the rates of freezing in winter and of evaporation in 
summer. For one set of conditions this ratio is approximately 
three. 


44, The Electrical Energy of Seeds at Various Stages of 
Growth. R. ELLIorF AND A. A. BLEss, University of Florida.— 
The electrical energy stored in seeds was measured as a func- 
tion of the number of hours after immersion in a nutrient solu- 
tion, by allowing the seed to discharge through a known re- 
sistance. The energy varies from 1.95X107! ergs (24 hrs. 
growth) to 1.242 X10? ergs (48 hrs. growth). The resistance of 
the seeds is also measured as a function of growth both before 
and after discharge. The resistance of the various seeds varies 
from 13,000 ohms to 195,000 ohms. During the discharge of 
the seeds the resistance increased, ranging from 1.1 to 2 times 
the resistance before discharge. 
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45. A Mathematical Method for Determining Points of 
Maximum and Minimum Intensity in the Fresnel Diffraction 
Pattern of a Single Slit. E. J. ScHEIBNER, Georgia Institute of 
Technology.—In most textbooks of physical optics, the simpler 
cases of Fresnel diffraction are explained by fairly direct 
mathematical and graphical methods. It is shown that the 
Cornu spiral constitutes the vibration curve for a cylindrical 
wave front and that the intensity is proportional to the sum 
of the squares of the Fresnel integrals.! In the Fresnel diffrac- 
tion pattern of a single slit, the method used to obtain the 
variation of intensity along the screen is to slide a piece of the 
spiral of constant length to various positions and measure the 
lengths of the corresponding chords to obtain the amplitudes. 
This paper presents a means of shortening the graphical steps 
involved by determining some points of maximum and mini- 
mum intensity by the mathematical method of minimizing 
the square of the line segment representing the amplitude. A 
simple expression is obtained which gives the arc length on 
one portion of the spiral for points of maximum and minimum 
intensity in terms of the constant arc length. 


1F, A. Jenkins and H. E. White, Fundamentals of Physical Optics (New 
York, 1937), p. 188. 


46. On the Attenuation of Sunlight in Natural Bodies of 
Water.* W. D. BuLLocn, University of North Carolina.— 
Measurements were made of the relative intensity of light at 
various depths in salt and brackish water around Morehead 
City, N. C. The photometer used consisted of an RCA 931-A 
photoelectron multiplier tube encased in a water tight brass 
box which was lowered to the desired depths. The tube voltage 
was supplied by batteries and readings were made of the plate 
current with the tube at various depths. An additional 931-A 
and circuit was run from the same power supply and kept on 
the deck of the boat to record any changes in the surface 
intensity during the run. Curves of intensity vs. depth showed 
at least one distinct inversion occurring between four and 
eight feet below the surface. Many curves indicated a second 
inversion occurring between depths of twelve to twenty feet. 
The first inversion has been partially explained by considering 
the effect of the shadow of the boat. However this does not 
completely account for the apparent increase of intensity at a 
particular depth. 


* Partially supported by the Institute of Fisheries Research, U.N.C. 


47. The Field of a Gravitational Dipole. HANS FREISTADT 
AND NATHAN ROSEN, University of North Carolina.—To get 
the metric describing the gravitational field of a mass dipole 
according to general relativity theory, the method of Weyl! 
and Levi-Civita? is used. Starting with the Newtonian poten- 
tial of two masses which are equal but opposite in sign, one 
obtains by this method the corresponding solution of ‘the 
gravitational field equations. The calculation is largely carried 
out by a slight modification of that given by Silberstein.* By a 
conformal mapping one transforms the line joining the two 
masses into a sphere on which the metric has a singularity, 
thus giving the desired solution. It is interesting to note that 
the equations of general relativity lead to a solution for the 
field of a mass dipole, although such a dipole has not yet been 
observed in nature. 

1H. Weyl, Ann. d. Physik 54, 117 (1918). 


2 T. Levi-Civita, Rend. Acc. dei Linci, 1919. 
3 L. Silberstein, Phys. Rev. 49, 268 (1936). 


48. Calibration of an Engraved Circle by a Constant Angle 
Method.* R. M. TALLEY AND H. M. Kaytor, University of 
Tennessee.—The accuracy of the engraved marks on a six-inch 
radius brass spectrograph circle was studied by a constant 
angle method. The angle between the central image of the 
grating and the R(5) line of the fundamental band of hydrogen 
fluoride was used as a constant. This angle, about 20 degrees, 


was measured in terms of the engraved marks in overlapping 
sectors of the circle. When these measurements were plotted 
as ordinates versus the sector midpoint as abscissae, a smooth 
curve resulted (except for a small discontinuity located in a 
particular 5 degree interval). The 1.0139976! mu line of Hg 
in third order falls in the portion of the circle whose calibration 
is desired. When the angle which is represented by this exact 
line is superposed on the graph, it fixes a definite frequency 
point. All unknown lines lying to greater or lower frequency 
from this point may be corrected from the curve variation. 

* The research discussed in this abstract was supported in part by a 
Frederick Gardner Cottrell grant-in-aid from the Research Corporation of 


New York. 
1 Hunt and Campbell, Phys. Rev. 50, 397 (1936). 


49. A Photomultiplier Trigger for Flash Photography. R. L. 
VaRWIG, V. E. SHERRER, G. CARMICHAEL, AND A. Linz, 
University of North Carolina.—The RCA 931-A photomulti- 
plier tube was first used in an attempt to detect light emitted 
from a steel plate during brittle fracture. This experiment 
failed, but it suggested the use of the photomultiplier tube as 
a detector of a light beam scattered from the rough edges of 
the fracture. The plate is thoroughly blackened, and the beam 
from an auto headlight, after focusing by an appropriate 
cylindrical lens and slit system, is made incident upon it in the 
form of a narrow vertical line. When the plate starts to crack, 
the edges of the fracture scatter the incident light which is 
picked up by the photomultiplier tube. The resultant voltage 
pulse is used to trigger a flash tube circuit containing a Syl- 
vania 1530 flash tube. It is expected that enough scattered 
light will be obtained from the fracture surface to secure fairly 
reliable triggering of the flash tube giving pictures of the crack. 
It is pointed out that it is not necessary to know accurately 
the time of triggering of the circuit since the picture locates 
the crack in the plate. The photomultiplier tube is a more 
sensitive detector of light than photographic emulsion. 


50. A Universal Low Frequency Modulation Technique. 
Vinton A. BRown AND F. L. Yost,* Naval Ordnance Labora- 
tory.—For certain work in progress at the Naval Ordnance 
Laboratory it has been found necessary to modulate at sub- 
audio frequencies the intensities of a wide variety of types of 
r-f radiation incident upon a receiving antenna. An important 
requirement in this work is that the transmitter frequency be 
undisturbed (except for the introduction of side bands at- 
tendant upon modulation). Although the frequencies of certain 
well stabilized transmitters may not be unduly affected by 
changes in power output, such is not generally the case. Since 
the problem at hand involves numerous and diverse trans- 
mitters, the modulation of received intensity must be effected 
without variation of power output. The technique developed 
involves control of the intensity of the field at a point by 
suitable variation of the orientation of a radiating dipole. This 
modulates received intensities without varying the total energy 
radiated. Problems which have been solved in connection with 
this work are the elimination of background intensity due to 
reflections, and the exact description of the electromagnetic 
field in the vicinity of the radiating dipole. 


* Now at Illinois Institute of Technology, Chicago, Illinois. 


51. A Measurement of the Velocity of a Flow of a Com- 
bustible Gas Mixture Just Prior to Ignition. P. RUDNICK* AND 
W. H. Kruscuwitz,** Vanderbilt University—A mixture of 
propane and air of variable ratio was ignited immediately 
after it left the end of a ?” vertically mounted tube. A wire, 
centrally located, normal to the flow just above the end of the 
tube acted as the flame holder, and the flame thus produced 
was V-shaped. Fine aluminum particles were introduced into 
the gas before it entered the tube. These particles were illumi- 
nated by two consecutive flashes of a light source of high 
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intensity and very short duration just before the gas was 
ignited. Photographs were taken of the end-view of the flame 
and of the illuminated particles. Using one set of conditions, 
a flow velocity of 8-9 meters/second was computed. The angle 
between the direction of these particles and the flame surface 
was observed to be from 2.5° to 5.0°. This gave 0.56 meters/ 
second as the normal component of the velocity. The angle 
between the sides of the V-shaped flame was observed to be 
24°-24.5°. 


* Now at Marine Research Laboratory, San Diego, California. 
** Now at Cumberland University, Lebanon, Tennessee. 


52. A Statistical Consideration of Collisions. J. ELMER 
RHODES, JR., Georgia Institute of Technology.—A collision be- 
tween two masses is always subject to conservation of mo- 
mentum and other conditions may further limit the resulting 
configuration of masses after collision. For an ensemble of 
identical collisions these conditions restrict the ensemble to a 
“surface’”’ in phase space. Postulate that this allowed phase 
volume be uniformly populated by members of the ensemble. 
For elastic collisions this principle gives exactly the scattering 
pattern that classical mechanics gives for collisions of pairs of 
spheres. For the collision between two hydrogen molecules; in 
which the possibility of a rotational transition is allowed but 
not demanded, probabilities of rotational transitions are ob- 
tained that are comparable with values calculated from velo- 
city of sound data in the frequency-to-pressure range where 
rotational degrees of freedom fail to follow the temperature 
changes in the sound wave. The rotational transition prob- 
ability for any given collision is taken to be no greater than 
the ratio of the volume of phase space occupied by the part 
of the ensemble in which the transition occurs to the volume 
of phase space occupied by the whole ensemble. 


53. Instrumentation for Studying Electric Resistance 
Changes of Fine Wires during Elastic and Plastic Strains. 
E. W. KAMMER AND T. E. PARDUE,* Naval Research Labora- 
tory.—The construction and use of bonded-wire strain gages 
requires a knowledge of the manner in which resistance of the 
wire employed varies with strain. The apparatus used to ob- 
tain electric resistance changes during elastic and plastic 
straining is described. 


* Now at the University of North Carolina, Chapel Hill, N. C. 


54. Results of Electric Resistance Changes of Fine Wires 
during Elastic and Plastic Strains. E. W. KAMMER AND T. E. 
PAaRDUE,* Naval Research Laboratory.—This investigation 
covers the elements, iron, nickel, and platinum, as well as 
fifteen alloys readily available in the form of fine wires. The 
variation of resistance and stress with respect to strain are 
displayed graphically. The strain sensitivity in the plastic and 
elastic range has been ascertained from the slope of the 
resistance-strain curve. Several typical specimens were sub- 
jected to permanent elongation and the residual resistance was 
observed after removing the tension. 


* Now at the University of North Carolina, Chapel Hill, N. C. 


55. Instrumentation for Studying Energy Losses and Frac- 
ture of Some Metals Subjected to Large Repeated Strains.* 
J. P. PARKER AND T. E. PARDUE, University of North Carolina. 
—Greater knowledge of the behavior of metals subjected to 
large repeated strains, is required in order to establish criteria 
for selection of suitable materials to be used under such severe 
conditions. The instrumentation developed to study the be- 
havior of some metals is described. A rotating beam type 
fatigue machine was used with loads sufficiently high to pro- 
duce failure in the range below 10,000 repetitions of strain. 


* This work was supported in part by ONR contract N7onr 284 T,O.4, 
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56. Energy Losses and Fracture of Some Metals Subjected 
to High Repeated Strains.* J. L. MELCHoR, W. B. Goon, anp 
T. E. ParDug, University of North Carolina.—The energy 
dissipated in some materials tested in a rotating beam type 
fatigue machine has been obtained for loads sufficiently high 
to produce failure in the range below 10,000 cycles of strain. 
The energy dissipated per cycle of strain was found to vary 
during the life of a specimen. Specimens tested at different 
stress amplitudes showed the total energy losses per specimen 
to increase as the stress amplitude was decreased. 


* This work was supported in part by ONR contract N7onr 284 T.0.4. 


57. Photographic Method of Detection of the Speed of 
Fracture in Steel Plates. V. E. SCHERRER, G. CARMICHAEL, 
R. VARWIG, AND A. Linz, University of North Carolina.— 
Flash photography was adopted initially, in the study of the 
speed of brittle fracture in steel plates, as a check upon the 
accuracy of simple metallic detectors of fracture speeds then 
being used. The results of these first pictures were quite 
promising, and it was decided to use flash photography as a 
method of measuring fracture speeds by taking multiple ex- 
posures of a single fracture. This development consists prin- 
cipally in searching for suitable detectors to trigger flash 
circuits. The first such detector is a small coil in which an 
emf is induced by changing current in the plate caused by the 
crack. This is described in another paper. The second detector 
is a photomultiplier type tube, triggering the circuit by re- 
ceiving reflected light from the irregular fracture edge. This is 
described in a separate paper.? The signals obtained from the 
detectors are fed into trigger circuits with negligible time delay 
to initiate the flash of a Sylvania type 1530 flash tube. 


1 A. Linz, The Inductive Method of Detection of Speed of Brittle Fracture 


in Steel Plates. 
2R. L. Varwig, V. E. Scherrer, G. Carmichael, and A. Linz, A Photo- 


multiplier Trigger for Flash Photography. 


58. An Inductive Method of Detection of Speed of Brittle 
Fractures in Steel Plates.* A. Linz, JR., V. E. SCHERRER, AND 
G. CARMICHAEL, University of North Carolina.—Small search 
coils are placed in a vertical plane perpendicular to a thin 
steel plate through which a current is passed. When a hori- 
zontal crack passes a search coil, the resulting induced voltage 
is amplified and recorded on an oscilloscope. Preliminary tests 
indicate the possible usefulness of the phenomena in measuring 
the velocity of propagation of brittle fracture in notched steel 
plates. 


* This work being done under contract with Office of Naval Research. 


59. Quantum Mechanics of a Particle on a String. NATHAN 
RosEN, Zhe University of North Carolina.—The transverse 
vibrations of a perfectly flexible string under tension between 
fixed supports, with a particle of finite mass attached to the 
string, are investigated from the standpoint of non-relativistic 
quantum mechanics. By introducing normal coordinates one 
can obtain exact solutions of the Schroedinger equation for 
this case. The mean zero-point kinetic energy of the particle 
turns out to be infinite. However, it is interesting to note that, 
while a first-order perturbation calculation leads to a quadratic 
divergence of this zero-point energy, the exact calculation 
gives only a logarithmic divergence. This may have a bearing 
on the general problem of the self-energy of a particle inter- 
acting with a field. 


60. A Method for Microwave Propagation Study in the 
Lower Troposphere.* F. E. LowANcE AND R. A. MARTIN, 
Georgia Institute of Technology.—An investigation has been 
made of the effects of atmospheric conditions, such as ducts, 
turbulence, and subsidence inversions, on the propagation 
characteristics of electromagnetic waves in the microwave 
region. Signal strength measurements were made on 3, 10, 

















and 25 centimeters over a common propagation path. Simul- 
taneous meteorological measurements were made along the 
transmission path using aircraft and captive balloons to trans- 
port meteorological instruments. Signal strength records and 
the meteorological data were compared to determine the 
effects of various atmospheric conditions on the propagation. 
The experimental procedure employed transmitters located 
on the Physics Building at Georgia Tech and mobile receiving 
units located at a point approximately 48 miles distant from 
the transmitter site. Provision was made for measurement of 
transmitted power and recording and calibration of the re- 
ceiver outputs. Meteorological sounding instruments recorded 
at frequent intervals, the wet- and dry-bulb temperatures and 
absolute pressure. The meteorological data obtained were used 
for plotting modified index of refraction curves for later study 
and correlation with received signal strength data. Sample 
data are presented. 


* This work is supported by the Watson Laboratories, Air Materiel 
Command, Contract No. W28-099-ac-175. 


61. Effects of Meteorological Conditions on Microwave 
Propagation at 3, 10, and 25 cm.* J. E. Boyp AND CATHERINE 
Yor, Georgia Institute of Technology.—A preliminary analysis 
has been made of the signal strength records and associated 
meteorological data collected in the Georgia Tech propagation 
studies at 3, 10, and 25 cm. The analysis includes studies of 
data for both optical and non-optical paths approximately 50 
miles in length. Propagation was over hilly and mountainous 
terrain, from transmitters at a height of 1050 feet above sea 
level to receivers at heights of 1800 feet or greater. For the 
non-optical paths (receivers below horizon) large increases in 
signal strength occurred under ground-based superrefracting 
conditions resulting from temperature inversions and negative 
humidity gradients. For the optical path, interference-type 
fading occurred under similar atmospheric conditions. Sta- 
tistical methods of analysis show definite correlations between 
signal characteristics and particular types of atmospheric 
stratification. Results are summarized and compared with the 
Rayleigh probability distribution for the resultant of a large 
number of vibrations with random phases. 


* This work is supported by the Watson Laboratories, Air Materiel 
Command, Contract No. W28-099-ac-175. 


62. Relations in Quasi-Isothermal Slow Fracture. I. Gen- 
eral Considerations. F. T. RoGEerRs, JR.,* Oakridge National 
Laboratory.—In the experimental slow fracturing of a specimen 
of solid, as by torque,! dynamic load f is applied in some 
member of a loading device through a distance ds, leading to 
deformation and fracture. Energy u= ff ds is thus supplied 
to the specimen, and the speed at which the process takes place 
is governed by ds/dt=p, p being a known function of ¢ or s. 
If e represents the elastic energy stored in the specimen, then 
w=u—e is the energy “‘absorbed’’ by the specimen. The ele- 
ment of advance of the fracture is dv =dw/R, R being a suitable 
function chiefly of x; x now being identified, the static load 
supportable by the solid can be written as F= F(x); also 
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e=e(f,x). Finally, a macroscopic rate-relation, dw/dt=¢ 
(f, f—F, --+), must apply. Since there are thus seven equa- 
tions relating the eight variables u, f, s, t, e, w, x, and F, these 
equations suffice to determine any seven variables in terms of 
the eighth (often #). 

* Present address: U. S. Naval Ordnance Test Station, Inyokern, 


California. 
1F, T. Rogers, Jr., Phys. Rev. 74, 120-122 (1948). 


63. Relations in Quasi-Isothermal Slow Fracture. II. The 
Problem of Brittleness. MARGUERITE M. RoGeErs* AND F. T. 
RoGErs, Jr.,* Oak Ridge National Laboratory.—The general 
equations, solved for a constant drive-rate (ds/dt=small 
constant=r), yield 


f—F=(r/a)/(1+de/dw) (1) 


and 


s=sot J” (1+de/dw)[R(x)/f(x) Mx, (2) 


if ¢=af(f—F). Clearly (f—F) should show anomalous be- 
havior, and x should increase independently of s, as in uncon- 
trolled or ‘‘brittle” fracture, when! (1-+-de/dw) =0. In measure- 
ments upon four-notch mild-steel bars, (1-+de/dw) became 
quite small (certainly 0.2, perhaps less) just before brittle 
failure; it remained near unity for specimens which did undergo 
uncontrolled failure. 

* Present address: U. S. Naval Ordnance Test Station, Inyokern, 
California. 


1 This possibility has been discussed by G. R. Irwin, Fracture of Metals 
(Am. Soc. for Metals, 1948), pp. 147-166. 


64. Dependence of Convective Process on Thickness of 
Porous Medium. H. L. Morrison, North Carolina State Col- 
lege, F. T. RoGers, Jr., Oak Ridge National Laboratory.— 
Typical data are given in the first four columns of the table, 
relative to the onset of thermal convection of water in uncon- 
solidated sands. D is the thickness (or depth of layer) of sand 
in Cm; pay is the average viscosity of water in centipoises; k is 
the flow-permeability of sand in c.g.s. units; and Bobs is the 
observed mean (over D) thermal gradient in °C per cm. These 
and additional data indicate a strong dependence of Bobs on 
(ua /k)?, where p=4; theory? indicates BopaD-*. Clearly the 
tabulations in the last column cannot justify a different 
dependence upon D. 











D Ay 108 k Bobs 104 4 D°Bobs/uay? 
8.0 0.59 125 6.87 0.64 
8.0 0.60 125 5.69 0.53 

10.0 0.76 125 3.8 0.49 

10.0 0.53 70 6.0 0.69 

10.0 0.75 88 5.4 0.59 

14.0 0.77 125 2.21 0.55 








1 Preliminary data indicated that p=1; see H. L. Morrison, Phys. Rev. 
74, 119 (1948). 
2C. W. Horton and F. T. Rogers, Jr., J. App. Phys. 16, 367 (1945). 





















